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ical areas during each of the four seasons, Summer, Fall, Winter and Spring. Optiesl measure-
menis were made in four regions within the visual spectrum as follows: two moderately narrow
bands having mean wavelengths of 478 and 664 nanometers, one slightly wider band at 765
nanometers and one relatively broad band representing the phOtopic response having a mean
wavelength of 557 nanometers.

The daytime optical measurements included total volume scattering coefficient, sky and
terrain radiances, and both upweiling and downwelling irradiances. Simultaneous meteorologi-
cal measurements included temperature, dewpoint temperature and atmospheric pressure.

The optical atmospheric properties derived from these data and presented in reports
typified by AFGL-TR-76-0188 and AFGL-TR-78-0168 are reviewed as are their methods of
derivation and validation. The methods of data collection and processing are summarized and
reviewed as is the overall resulting data bank. Examples related to the use of the data are
included as well as recommendations for further data study and interpretation.
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SUMMARY
I

This is the Final Report prepared in compliance with AFGL Contract F1%28-76-C-0004. The
principal task under this contract was to conduct a series of experimental field trips to collect atmos-
pheric optical data in a variety of European locations, and to analyze and report these data upon com-
pletion of the deployment. The daytime optical measurements collected during these deployments are
appropriate for use in determining optical atmospheric properties for any upward or downward path of
sight. The deri vable properties include the natural irradiance upon horizontal plane surfaces, scalar irra-
diances, total volume scattering coefficients, atmospheric beam iransmitlances, path radiances. direc-
tional path reflectances, and directional sky and terrain reflectances.

Five field trips were conducted during this contract interval . They were conducted as a coopera-
tive but independent effort associated with the NATO Research Study Group 8 of Panel IV . AC243 and
their Program OPAQUE. A com prehensi ve overview of Program OPAQUE is presented in AFGL-
TR-78 001 1, Fenn (1978). The five field trip s documented European optical atmosp heric characteristics
during each of the four seasons. Summer , Fall . Winter and Spring in a broad variety of geographical
areas.

The status of the total data bank resultin g from this three year period plus the backlog developed
in preceding years is reviewed in this report , as are the procedure s involved in collecting and processing
the data.
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1. INTRODUCTION

This Final Report has been prepared under Contract F19628-76-C-0004. It discusses activities,
accomplishments and recommendations related to an atmospheric optical properties measurement pro-
gram conducted during the interval I August 1975 through 30 September 1978. The program has been
conducted by the Visibility Laboratory of the University of California, San Diego under the sponsorship
of, and in cooperation with the Air Force Geophysics Laboratory, Hanscom AFB, Massachusetts.

The experimental data collection flights made during this contract interval are a continuation of
this joint on-going program of environmental documentation, and are listed in Table 1.1. Selected sets
of the data measured during these preceding flights have been presented in four preceding reports:
AFGL-TR-76-0l88, “Airborne Measurements of Optical Atmospheric Properties in Northern
Germany”, Duntley, ci aL (1976); AFGL-TR-77-0078, “Airborne Measurements of Atmospheric
Volume Scattering Coefficients in Northern Europe, Spring 1976”, Duntley, el aL (1977);
AFGL-TR-77-0239, “Airborne Measurements of Atmospheric Volume Scattering Coefficients in North-

• em Europe, Fall 1976”, Duntley, et aL (1978a); AFGL-TR-78-0168, “Airborne Measurements of
Atmospheric Volume Scattering Coefficients in Northern Europe, Summer 1977”, Duntley, et aL
(1978b) . These measurements and the computations related to their use are examples of a continuous
effort to determine and apply quantitative as well as qualitative values to th” atmospheric optical proper-
ties most effecting the performance of visual and/or electro-optical tasks within the troposphere.

• The flight program during the three year interval covered by this report has been organized as a
cooperative but independent effort associated with the NATO Research Study Group 8 of Panel IV , AC
243. As illustrated in Table 1.1, five separate European deployments were accomplished during this
contract interval. European optical atmospheric characteristics were documented during each of the
four seasons, summer, fall , winter, and spring, in a broad variety of geographical areas. A comprehen-
sive overview of the background rationale and the theoretical basis for the OPAQUE plan is pre~~r’ted
in AFGL-TR-78-OOII , Fenn (1978).

V

• A summa ry of the general theory and computational methods used to derive the optical atmos-
pheric properties reported during this contract interval is presented in Section 2. This summary reviews
determinations of the properties useful in computhg contrast transmittance along upward and/or down-
ward inclined paths of sight as in AFGL-TR-76-0188, Duntley, ci aL (1976). This section also
includes a review of the pertinent modifications to these methods which were completed or initiated
during this contract period, some of which are still under evaluation and development.

I—I
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Tabte 1.1. Summary of Airborne Data Collection flights

Pr*l R ight Tract Areas
Flight Nos. lndusi’~ Dates Title in Chronologxal Order

C-370 . C-382 7 APR 76 - 26 MAY 76 OPAQUE I Northern Germany
Southern England
Centeral Netherlands
Southern Denmark

C-39o - C.402 25 OCT 76. 6 DEC 76 OPAQUE Ii Southern Denmark
Northern Germany
Northern France

C-MO . C.422 4 JUL 77- ii AUG 77 OPAQUE III Northern France
Northern Germany
Southern Denmark

C-430 - C-456 3) JAN 78 - 3) MAR 78 OPAQUE IV Western Sicily
Soul hem Germany
Southern England
Central Netherlands
Northern Germany
Southern Denmark

C-460 - C-479 2 AUG . 26 SEP 78 OPAQUE V Western Sici ly
Northern Germany
Central Netherlands
Southern Germany
Southern England
Southern Denmark

• The optical instrumentation utilized during this report interval was developed at the Visibility
• Laboratory, and has been reported in detail in AFCRL-70-0i37. Duntley, et al. (1970), AFCRL-72-

0593, Duntley, el aL (1972c) , and AFCRL-TR.73-0422, Duntley, et a!. (1973). During the five
OPAQUE deployments, these airborne equipments plus several ground based instrument systems were

• employed in the total data collection effort . The primary instruments, as in previous deployments, were

~ ~- 1 airborne and ground based integrating nephelometers for determining the total and directional propor- V

~ -j~~ tional volume scattering coefficients, and two airborne scanning radiometers for the measurement of
sky and terrain radiances. Several of the revisions to the hardware which have occurred during the life
of this contract are summarized and discussed in Section 3.

‘V

Data collection methods throughout this report interval have remained similar to those described

1-2
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in AFCRL-TR-73-0422, Dunt ley , et al. (1973). A short review of the technique is discussed in
Section 4.

The computer techniques used during this report interval are also welt-documented in the
previously identified references. A summary of the most significant alterations introduced during this
contract is presented in Section 5.

Section 6 presents a review of the five OPAQUE related deployments conducted durin g the three
year period covered by this report . Locations, dates and general terrai n characteristics related to each
deployment and the particular sites utilized are summarized. Site location maps are included for each
area to illustrate the geographical relationships between the flight tracks and the associated ground
based OPAQUE data station . A sum mary of the data flights accomplished durin g these deployments
and the status of the resultant data bank is also included in this section.

Sample data illustrati ng the types of data available from the flight program are presented in Sec-
tion 7. Examples ill ustrati ng the use of these data in typical applications are also included .

A discussion of projected procedural updates and recommendations for future program activities is
included in Section 8.
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2. COMPUTATIONAL PROCEDURES

I
The underlying theoretical considerations upon which the data presentations made during this

report interval are based, have been specified for the most part in two early publications, image
Transmission by the Troposphere I” Duntley , et aL (1957) and “Model for a aear Atmosphere”, Gor-
don (1969). A discussion of the directional path reflectance format used in those reports which pre-
ceded the program OPAQUE series , can be found in “l)irectional Reflectance of Atmospheric Paths of
Sight,” Duntley (1969).

For the convenience of those unfamiliar with the notation and definitions utilized throughout the
• report series documenting this contract effort, a complete glossary and discussion of each measured and

derived quantity is provided in App endix A and Appendix B.

2.1. PROCEDURAL OVERVIEW

The basic task in all of the field deplo yments referenced in this report , whether OPAQUE related
or those preceding, has been to collect a set of measured data from which one could determine t he opt-
ical atmospheric properties in existence at the time of measurement. The optical properties of primary
concern were those appropriate for the deter mination of universal contrast t ransmittance along upward

-~ - and downward inclined paths of sight. In the interests of broad applicability it was desired to determine
-
~~~ a set of fundamental properties associated with the atmosphere alone. i.e., not related to any particular

scene or artifact w ithin that scene, not irretrievably combined with specific background characteristics .
Thus the development of the measurement program was directed toward acquiring the input data
necessary for the determination of path radiances, N,”(z.84), beam tr~nsmiuances, T,(z,9), and
downwelltng irradiances H(z d) These properties being the basic measureables required for determi-
nations of directional path reflectance R,(z94) as shown in the following defining equation:

R,(z.O,ö) — ~N,’(z.•.~ WIH(z,., T,(z.~H. (2.1)

a whence the subsequent determination for slant p~ h cansn~’ transintuance v,(z~ .O), shown by

— 1. 1 + R ’( , •4)/ ~1, ~~~~ 1— ’ - (2.2)

2-1
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The experimental interrelationship s which exist among the various pieces of project hardware, the
radiometric measurements made by them, and the computational chains associated with each of the
measured values is illustrated in Fig. 2-I. In this figure, abstracted from AFOL-TR-76-0188, Duntley,
et aL (1976), the instrument providing each basic measurement is indicated at the top of the figure,
and the development of the computational procedure progresses down the figure to the desired values
indicated by the entries at the bottom of the figure.

During the three year period covered by this report , the computational procedure outlined in Fig.
2-1 was modified and augmented in several ways. Some modifications were designed to extend the
applicab ility to a broader range of search angles, and some were intended to improve the quality of a
derived quantity, or to provide additional interpretive insights. Several of the more significant of these
procedural improvements are summarized in the following sections.

2.2. PROCEDURAL IMPROVEMENTS

The following three basic improvements were made to the computational and interpretive method
durin g this contract interval .

1. Adding computations for upward looki ng paths of sight,
2. Computing beam transmitt ances from sky radiance ratios, and
3. The use of non-Rayleigh Atmos phere models as diagnostics .

A few comments related to the applicability and pertinent details of each of these procedural items
are included in the following paragraphs.

PROPERTIES OF UPWARD LOOKING PATHS OF SIGHT

For general applicability, the specification of optical atmospheric properties should be complete
enough for application to contrast transmittance determinations along any specified path of sight. The
implication of Eqs. (2.1) and (2.2) and the computational procedures outlined in Fig. 2-I support this
generality. However , due to several comp uter programmin g simplifications , the computational routines
outlined in Fig. S-I originally were restricted to the computation of properties related to only downward
looking paths of sight. This shortcoming was rectified prior to the issuance of AFOL-TR-76-0188,
Duntley, et a!. (1976). The programming improvement involved a m~por redefinition of terms and

-

‘ ~ procedures in the computer program AVIZCI3O which computes the point function equilibrium radi-
ance, and subsequently path radiances and directional path reflectances for all paths of sight. Discus- • 

-

- ; sion covering the linkin g relationships between these optical properties is furnished in Appendix B.
With the modification of program AVIZCI3O completed, the same basic data m a y  could be used to
compute highly directional optical properties for both upward and downward looking paths of sight as • -

-
are reported in Duntley, et aL (1976). p

L
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DETERMINATION OF BEAM TRANSMITFANCE FROM SKY RADIANCE RATIOS

For the computational scheme in Fig. 2-I to be effective, It is essential that the upper hemisphere
radiance arrays possess reliable values at each flight altitude, and that the apparent solar irradiances at
each altitude be properly determined for use with these arrays. As discussed in Appendix B, this
requires a reliable value for space-to-altitude beam transmittance. Several techniques for determining
space-to-altitude beam transmittances were discussed in AFCRL-72-0593, Duntley, et a!. (1972c) . The
sky radiance ratio method of Kushpi l’ and Petrova (1971) was one proposed for utilization, which was
later implemented into the general procedure. See Appendix B, Eq. (A.31).

Since the transmittance term derived from this technique is an important term, it was desired to
test the procedure as thoroughly as possible. An extensive body of data collected duri ng an earlier pro-
gram at the Visibility Laboratory was available and used for thi s validation study which is discussed in
the following paragraphs.

Ground-based data from a solar transmissometer, sky scanner, and irradiometer mounted on a
rooftop of the Visibility Laboratory during 1964 include many cases when the sky was completely free —

of clouds . These data have been used to further validate and develop the method of obtaining space-
to-sensor beam transmittance from sky radiance ratios.

As noted in Kushpi l’ arni Petrova (1971), atmospheric absorption acts to reduce the incoming sun
irradiance but has no effect on the sky radiance relative distribution. Thus the transmittance based
upon the sky radiance ratios is due to scattering only whereas the solar transmissometer measured the
attenuation of the atmosphere which is the combined effect of scattering and absorption .

The Telluric spectrum IGoldberg (1954)1 indicates that the spectral region 365 to 540 nm is
essentially free of absorption. There i~ only one absorption band at 477.4 nm for 04 whic h is very
weak, i.e., detectable only for path lengths greater than one airmass. The 1964 Visibility Laboratory
rooftop data included one narrow band optical filter , Filter 1 with mean wavele ngth 459 nanometers, for
which the attenuation would be due to scattering only, and thus the transmittance from the sky radi-
ance ratios would be equivalent to the transmittance from the solar transmissometer. A second filter,
Filter 2 had a broadband sensitivity with a mean wavelength of 505 nanometers , and 71% of its

-
. 
- 

response below 540 nm. Thus, the solar transmittance measured using Filter 2 is also relatively
unaffected by absorption. A graph of the relative spectral response using the filters for the 1964 data is
given in Fig. 2-2. -

The sky radiances wer e measured for a set zenith angle and azimuth pattern and not at positions
where each pair would be at equivale nt angles p from the sun. Therefore radiance pairs for the ratio in
Eq. A.3 l were accepted if the absolute difference in angle from sun I~.$I was less than or equal to 2.5°.
The angles used for calculation we re the theoretical angular positions since the angles were measured
only periodically to see if the scanner needed adjustment or maintenance .

An error analysis of the transmittance obtained by Eq. A.3l indicates that the precision error
di fference of the two radiances is generally multiplied by a factor of between I and 2 for many zenith
angle combinations. Thus, use of a series of measurements to obtain an average transmittance
enhances the reliability of the resultant transmittance. The error analysis also indicat ed that errors in

- ~:- . 
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the angles 9 and 9’ affected the transmittance least at large 9 and small 9’. Transmittance was calculated
using Eq. A.31 for each pair of radiances using a range of 9 and 9’ selected on the basis of the error
analysis. The resultant aver age transmittance for each 9 9’ combination was divided by the transmit-
tance from the solar transmissometer. This table of transmittance ratios indicated that transm ittances
from Eq. A.31 from the largest 9 with a full y unobstructed field of view of the horizon sky (81.6°) with
9’ ranging from 2.8° to 64.70 yielded the transmittance ratios closest to I. Thus , the sky ratio based
transmittance for a given case (date, time, and filter ) was computed by averaging all the transmit tances
obtained from 9—8I.6 °and 9’- 2.3°—.64.7° with I~$I—2.5°.

Both sky radiance and solar transmissometer data were available for over 100 cases with clear
skies for each of the two filters. The ratios of the transmittance from sky radiance ratios divided by the
transmittance from the solar Iransmissometer were averaged for each filter ; this average of the ratios is
given in Table 2.1. The average ratios for both filters was 0.992 for 213 cases and the standard devia-
tion was ±5%.

The analysis of these early data, and their application to the method of Kushpil’ and Petrova thus
revalidates the sky radiance ratio procedure as a reliable method for determining beam transmittances
from outside the atmosphere down to any intermediate fli ght altitude , or to the ground. In this context
the procedure is a valuable tool in adding to the internal consistency and self-contained character of the
computations illust rated in Fig. 2-I.

. 1
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F1. 2.2. Relative Spectral Resçon,e for the 1964 Diii from the Visibility Laboratory Rooftop Station.
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TaMe LI. Average Ratio of Transmittance from Sky Radiance Ratioii Divided by

the Transmit tance from the Solar Transmissometer

Mean Avera ge Standa rd Average Number
Alter Wavelength Transmittance . - of

Deviation Transm ittance
nm Ratio Cases

459 989 .051 .7)3 III)
2 505 .997 .047 .750 103

F TOTAL 
________ 

.992 
_______ __________ 
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MODELING OPTICA L PROPERTIES OF NON -RAYLEIGH ATMOSPHERES

It continues to be desirable to develo p diagnostic materials to aid in the evaluation of the meas-
urements of the optical properties of the atmos phere . During a previous contract period a computer
program was developed to compute atmospheric optical properties based on the clear atmosphere model
in Gordon (1969). This prog ram was used to prod uce a set of values for the photopic Rayleig h atmo-
sphere as described in Dunt ley. et a!. (1975b). This same program was used during the current con-
tract interval to compute the optical properties of non-Rayleigh atmospheres. The development of a
broad catalog of optical properties based upon the Gordon (1969) mode l and the Barteneva (1960)
scattering coefficient data is a particularl y attractive conce pt since both are used extensi vely in the
development illustrated in Fig. 2- I. Thus there would be an immediate link between the characteristics
of the modeled properties and those derived from the measurements made durin g the OPAQUE
deployments. The development and some of the results of this modeling procedure are discussed in
the following paragraphs.

The model atmosphere equations from Gordo n (1969) may be utilized for computing optical
atmospheric properties if a proportional volume scattering function and an appropriate vertical space-
to-earth beam transmittance can be specified. Barteneva (1960) provides an extensive catalog of
ground-level proportional volume scattering functio ns with an appropriate range of values of ground-
level total volume scattering coefficient for each proportional scattering function for the photopic sen-
sor. By making some limitin g assumptions about the st ructure of the volume scattering coefficient with
altitude , it was possible to establish a range of appropriate vertical space-to-earth beam transmittance

. T  values for each scattering function.

A lowe r limit space-to-earth vertical transmittance was computed by assuming the aerosol constant
in composition but varying in density with altitude. An upper limit transmittance for each scattering
coefficient was computed by assuming the ground-level volume scattering coefficient ~decreases with
density up to 2 km altitude and then changes to a Rayleigh scattering coefficient.

Transmittances below 0.5 were not used since measured values of photopic space-to-earth vertical
transmittance from two large bodies of solar IransmisSometer data do not go below 0.5. Fig. 2-3 con-
tains the photopic’ space-to-earth vertical transmittance values measured duri ng 1964 on the rooftop of
the Visibility Laboratory. A similar graph of photopic solar transmissometer data measured between

- 
. 1962 and 1967 at various other locations was presented as Fig. 2-7 in Duntley, ci a!. (1975b). These
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t 19$ 2-3. Pholopic Earth to Space Vert ical Seam Transmittance as measured by the Solar
Transmiisomeier at the Visibility Laboratory. San Diego in 1964.

two data set~ total approximatel y 570 points , measured during all seasons at various locations. These
two data sets indicate photo pic space-to -earth transmittance lies in the 0.9 to 0.5 range when the sun is

- : - unobscured.

By evaluating transmittances from 0.9 to 0.5 at set intervals of 0.1, it was possible to explore the
ç influence on given variables of a range of proportional scattenng functions for a constant transmittance

or a range of transmittances for one proportional scattering function, as well as the overall range of rea-
sonable values for that variable. The resultant 22 comb inations of Barteneva scattering class functions
and beam transmittances used for the mode) atmosphere computat ions are summar ized in Table 2 2

~ ~~
--: •

The model atmosphere equations were evaluated for seven sun zenith angles: 0°, 20°, 40°, 60°,
70°, 80° and 85 .  Also a full range of scalar albedos were assumed: 0 as the lower limit case, 0.04

• representing dark forest, 0.10 for fields, 0.20 for desert , 0.80 for fresh snow and 1.0 the upper Limitin g
case. The ground-level atmospheric optical properties computed were: sky and total downwelling irradi-
ance, earth-to-space vertical path radiance and reflectance , equilibrium radiance and reflectance as a
function of angle from sun , sky radiance and ~~th function.

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  
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Table 2.2. Transmittance and Scatterin g Function Specific ations
for Evaluation of Model Atmosphere Equaiioris

Earth-to-Spice Total
Vertical Barleneva Scattering Function No. of

Transmitlance Class No. Cases

0.9 2 3  2
0.8 2 3 4 5 4
0.7 3 4 5 5’ 6 5
0.6 3 4 5 5’ 6 5
0_ S 4 5 5’ 6 6’ 7 6

Total No. of Cases 2 4 4 4 3 3 I I 22

The model atmos phere values for sky irrad iance on a horizontal plane are directly affected by the
scalar albedo. There is a factor of 2 or more to I between the sky irradiance for 1.0 and zero scalar
albedos . The factor increase s as solar zenith angle increases and increases as transmittance decreases,
to a maximum factor of 5.5 for sun zenith angle 850 and a beam transmittance of 0.5.

The computed sky irradiance increases with scattering function cLass number , all else being equal .
The average values of sky irradiance for each transmittance are graphed as a function sun zenith angle
for the 0.10 scalar albedo case in the left graph of Fig. 2-4. The values for the Rayleigh case albedo
0.10 are given as a solid curve. The range of sky irradiance for albedo 0.10 due to changing scatteri ng
function class is within ±0.17 of the average for each transmittance . Since scalar albedo 0.10 not only
represents cultivated fields but is a reasonable average albedo for non-snow covered terrains, the sky
irradiances in Fig. 2-4 may be considered to represent the average sky irradiance as a function of
transmittance and sun zenith angle based upon the model equations and the Barteneva scatterin g func-
tions .

Total irradiance is the sum of the sun irradiance. which is not affected by albedo, and the sky irra-
diance . Hence it is Less affected by aLbedo than the sky irradiance.

The average values of total irradiance for scalar albedo 0.10 for each transmittance are graphed as
a function of sun zenith angle in the righ t hand graph of Fig. 2-4. The total irradiance for the photopic
Rayleigh atmosphere for 0.10 scalar albedo is given as a solid curve , as well as the total irradiance from
Brown (1952) for the average clear day. The Brown curve is similar to the model average values for
0.70 transmittance for sun zenith angles 0 to 70° but is higher at sun zenith angles 80 and 85 degrees.

The range of total irradiance due to changing scattering function for albedo 0. U) is small, being
within ± 0.045 of the average for each transmittance.

The interpretation of these modeled optical properties is continuing. The understanding of the
boundary conditions and trends indicated by these data should contribute to the basic diagnostic evalua-
lion of the OPAQUE in-flight measurements, and should also establish a framework against which the

- ~~
, .~~ codification of real world optical atmospheric properties might be established.
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Fig. 2.4. A verage Sky and Total Irradiance for a Model Atmosphere (For Transm ittances 0.9 to 0.5 and Scalar Albedo

- ~~~~ 
~,. 01 with Gordon (1969) Model and Barteneva (1960) Scattering Functions).

2.3. PROCEDURES FOR CLOUDY DAYS

As noted at the beginning of this sect ion, the underlying basis for the computations employed
during this contract interval were established under the concept of clear day conditions. In many appli-
cations, however , particularly those associated with the European weather regime as is program
OPAQUE, clear days are in short suppl y and do not represent the cond itIons of cnt ical interest Conse-

- 
:i~~’~ • quently, duri ng the progress of this contract, several concepts have been under development to improve

the applicability of the computational and interpretive procedures to the doudy day situation. Two of
these concepts, equilibrium reflectance, R,(z,8,#) and the correlation between cloud cover and total
irradiance are discussed in the following paragraphs.
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EQUILIBRIUM RADIANCE AND REFLECTANCE

On clear days the equilibrium radiance has been found to be relatively invariant with altitude (Fig.
2, Gordon (1969)) . It was this constancy with altitude whi ch led to the use of Eq. A.24 and the inter-
polation of equilibrium radiance between the fixed altitu des of the straigh t and level flight elements to
establish equilibrium radiance profiles. These interp olated equilibrium radiances were then used with
the measured total volume scattering coefficients to obtain path function N. (z,9 ,~~) using Eq. A.23.

The variable path function meter measures path function for one path of sight during the vertical
profile flig ht elements . Usually the meter is direct ed so as to measure the path function for the verti-
cally downward path of sight. This path of sight is often at scattering angles from the sun of between
90 and 120°, that is, near the angle of inflection for the volume scattering function. Hence, small
changes in sun angle or path function meter position have little effect on the path function valu e. 

. 
-

The point function equilibrium radiance , Nq (z. 6, ~) , for non-clear days can be computed from
measured path function , N.(z,9.th) , and total volume scattering coefficient, s (z) , by rearrang ing Eq.
(A.23) as follows :

Nq (: .04) — N.(z O.~ ) / s ( z) . (2.3)

Fig. 2-5 presents a sample graph of computed equilibrium radiance in the lower right-hand quadrant.
The total volume scattering coefficient and path function measurements from which it was computed
are in the upper half of the figure . In the lowcr left hand of the figure is a graph of the measured
down wel ling irradiance. The data are for F1~ght C-399 which was flown in northwestern France during
the OPAQUE U deployment on 3 December 1976. It was a midday flight with scattered low clouds and
high overcast. The volume scattering coeff icient and irradiance data for this flight we re reported in
Dunt l~y, et a!. (1978a). The path function path of sight was vertically downward at 180° zenith angle.
The sun zenith angle was 700 to 71° and the scattering angle from the sun for the path of sight was
1090 to 110° for the three filters .

Note that most of the path function data for Filter 5 (52 out of 69 data points ) we re offsc ale low
and thus graphed at the minimum calibratab le value (MCV). Thus equilibrium radiance is not shown
for Filter 5 since the few remaining data values for path function are unreliable when so nearly offscale
low. Note also that the decrease in computed equilibrium radiance at the lowe r altitudes is similar to
the decrease in irradia nce at the same altitudes.

Equilibrium reflectance Rq(:.6.th) is defined as a function of the equilibrium radiance and the
downwelling irradiance H(z ,d)

Rq(:.&th) IT N g L &t b) / H (z.d)  . (2.4)

The equilibrium reflectance computed for the vertical downward path of sigh t for Flight C-399 is
:
~

- presented in Fig. 2-6. Whereas the equilibrium radiance tended to be less variant with altitude than the
path function or the total volume scattering coefficient , the equilibrium reflectance is even more invari-
ant with altitude than all its component parameterc ~tnd the equilibrium radiance . This is illustrated in

- 
- Table 2.3 which gives the fractional standa rd deviation of each of the measured parameters and the

computed equilibrium radiance and reflectance.
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Table 2.3. Fractional Standard Deviation of Equilibrium
- - 

-
. - 

Radiance and Reflectance for Right C-399

- 

~~ ____________ 

Fraction al Standard Deviation 
___________—

i$~.-~ Total Path Equilibrium Downwe lling Equilibrium
Fitter Volum e

Scattering Function Radiance Irradiance Reflectance

- - — 
Coefficient s

2 .39 .19 .38 .25 .18
3 .15 .17 .22 .21 II
4 .60 .30 .38 .30 .16
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The flights for OPAQUE II were all under conditions of scattered to broken clouds or under over-
cast yet the computed equilibrium reflectances were relativel y invariant with altitude for a large propor-
lion of the profiles. In fact , large deviations in equilibrium reflectance could generally be t raced to a
few values in a sing le measured parameter which might be questionable.

The relative invariance of equilibrium reflectance with altitude for paths of sight near 900 can thus
be used as a diagnostic to test the consistenc y of measured values of total volume scattering coefficient ,
downwelling irradiance. and path function.

A more important ramification is that throug h the use of the Rq concept, the computational tech-
nique for computing path reflectance can be modified so that it is equally as valid for cloudy day data as
it is for clear day data. Hithe rto , the equilibrium radiance was computed by means of Eq. A.24 and
then interpo lated by altitude before path function , path radiance and path reflectance were computed.
By computing equilibrium reflectance (or the proportional equilibrium radiance function Nq(z.~ )/ h(z)
which is even better for theoretical reasons to be explained next ) and interp o lating this parameter with
altitude , a parameter is used which is relatively invariant with altitude for both clear and cloudy days.

MODEL COMPARISONS

The model atmospheres described in Section 2.2 have been used in evaluating the Rg concept .
The initial analysis of the values for equilibrium radiance and equilibrium reflectance indicates con-
sistency with the findings in equilibrium radiance and reflectance computed from path function and
total volume scattering coefficient measurements.

The range of values (from 22 combinations of transmittance and proportional scattering function )
for equilibrium radiance and reflectance for scalar albedo 0.10 is summarized in Table 2.4. This table is
the ratio of the maximum to the minimum value of equilibrium radiance and reflectance for a constant
angle from sun 

~ 
regardless of earth-to-sp ace beam transmittance or scattering function. The table

summarizes the value at scattering angle 0°, 180° and at the scattering function inflection angle which
lies between 90° and 120°. The maximum to minimum ratio or range of values for equilibrium
reflectance is smaller than for the equilibrium radiance except at small sun zenith angles . This
difference in range is dramatic.

• This is consistent with the finding s of point function equilibrium radiance and reflectance com-
puted from airborne data as described in the previous paragraphs. Those data we re for scattering angles
near the inflection of the scattering function (i.e., p—90— 1201 and sun zenith angles greater than 60°.
For those data the range of equilibrium reflectance as indicated by the fractional standard deviation , was
less than the range of values for equilibrium radiance for the same vertical flight profile.

Equilibrium radiance does not have the same cosine weighting as the flat plate irradiance .
Therefore dividing the equilibrium radiance by the total scalar irradiance h(:) more clearly neutralizes
the effect of changes in the ambient lighting than dividing by the flat plate irradiance H(:.d). The ratio
Nq (f l) / h is designated as the proportional equilibrium radiance function. The range of values for the
proportional equilibrium radiance function is also summarized in Table 2.4. The range of this parame-
ter essentially does not ~‘ary with sun zenith angle. In addition , its range is nearly equivalent to the
smallest range for both the equilibrium radiance and reflectance .
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TaMe 2.4. Summary of ratios of maximum to minimum value of equilibrium radiance
and reflectance and proportional equilibrium radiance function !‘4(.$)/h for

albedo 010 from the photopic non-Rayleigh model atmosphere calculalions

Optical Scattering MAX/MIN
Angle — — — ——

Sun
Property

Zenith 20 40 60 70 80 85

___________ _________ 
Angle — 0

Equilibrium 00 2.46 2.43 24 1 2.85 4.40 16.9 276.
Radiance 9’J°.120° 1.39 1.36 1.43 1.97 369 18.8 325.

1 800 2.55 2.59 2.86 4.18 7.36 38.1 665.

Equilibrium 00 2.69 2.65 2.55 2.37 2.22 2.27 2.56
Reflectance 900.1200 1.51 1.50 1.43 1.32 1.34 1.62 2.14

________ 

1800 2.43 239 233 238 25 3 134 j 440
All sun ienilh angles 

_______

00 2.66
Proportional 900.1200 1.43
Equilibrium 1800 2.44
Radiance
Function

The proportional equilibrium radiance function is the parameter which will be computed from the
airborne data alter using Eq. A.24 to obtai n equilibrium radiance , before interpolating by altitude and
computing t he path function , path radiance and path reflectance as described in Appendix B and illus-
trated in Fig. 2-I. Thus , the changes in ambient lighting so prevalent on days with scattered to broken
clouds, should be adequately neutralized and the computational techniques made appropriate for both
clear and cloudy days.

• 
CLOUD COVER AND TOTAL IRRADIANCE

A continuing goal of the joint program conducted by the Geophysics and Visibil ity Laboratories
has been the classification of the relationships between the opticil properties of the atmosphere and the
meteorological specifications of that atmosphere . One of the common meteorological parameters used
to describe the state of the atmosphere is cloud cover. A preliminary effort to establish the correlation
between the opt ical property of downwe ll ing irradiance, and the meteorological property of cloud cover
has begun and seems appropriate for application to the typically cloudy day OPAQUE data base .

. 4

The OPAQUE Ill report, Duntley, ci a!. (l978b) contains two tables which were used for this
purpose. Table 7.2 in that report contained a summary of the cloud cover for each straight and level
flight element based upon hemispherical pictures taken during the flight element and the in-flight
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descriptions of the sky by the meteorologist on-board the aircraft. Table 8.6 in the same report con-
tained the ratio of the total irradiance measured during straight and level flight element to the clear day
photopic downwelling irradiance based on Brown (1952) for the same sun zenith angle. During the
straight and level flight elements the irradiometer is kept horizontal within relatively close angular toler-
ances except in a few cases as noted in the table.

The irradiance ratios we re averaged for each filter for each cloud cover category clear 0 . scat-
tered CD- , broken (~~, and overcast 0 . li the cloud situation was variable over the flight track so
that more than one cloud category was indicated in Table 7.2. the irradi ance ratio was used for both
cloud categories. The irradiance ratios for flight C-4l4 were not used in the averages since the plane
altitude was high ly variable during this flight and the irradiance ratios were large r than all the other
values for those cloud categories.

The averages of the tot al irradiance divided by the Brown irradiance for each cloud cover category
are summarized in Table 2.5.

Table 2.5. Average Ratios of Total Irradiance l)ividetl by lrradiancc from Brown (19521
for same Sun Zenith Angle is a Function of Filter and ( loud Category b r
the Straight and Level Flight Elements during OPAQUE Ill

\~cr.i~c lrrad,~ince Ratio . Total/Brown

‘I Filter ~ Filter 4 f Filter 3 Filter ~
(loud ( ategor% %lcj n Mean Mean Mean

Waselength Wasele ngth Wavelength Wavelength
• . 

4’t ~ 7 664 765

(icar I l l  . 77

Scattered 111 - 96 82 56
Broken I 03 91) 80

~~~~~~~~~~~~~~~-~~~
--• 

~~ - 
~~~~~~~~~~~

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __~~_~~~)
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Dividing by the irradiance based on the photopic Brown (1952) values essentially takes out the
effect of sun zenith angle, thus allowing a direct comparison for the other factors of cloud cover and
optical filter.

To obtain an idea of the expected effect by filter for a clear day, the sun irradiance for sun zenith
angle 00 was computed for a Rayleigh atmosphere for each filter and this value divided by the Brown
irradiance. These ratios are given in the bottom row of Table 2.5. This ratio shows a decrease of the
irradiance ratio with mean wavelength of filter which is consistent with the general trend of the average

- • irradiance ratios from the OPAQUE Ill data.
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The correlation of the average irradiance ratios with cloud cove r in Table 2.5 is consistent with
Fig. 6 from Brown (1952) which is depicted herein as Fig. 2-7 . The average cloud condition curve in
Fig. 2-7 is comparable to an illuminance (or irradiance) ratio with the clear day curve of 0.5 and the
extreme cloud curve is comp arable to an illuminance or irradiance ratio of 0.1. Thus, Brown correlated
the ratio of the measured illuminance to the clear day illuminance to cloud conditions but did not use
the terminology of the meteorological observations on cloud cover.

Note that the ave rage ratio in Table 2.5 for overcast for Filter 4 (the filter similar to the photopic
filter used by Brown ) is 0.51 which is directly comparable to Brown ’s ratio of 0.5 for average cloud con-
ditions.
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Fig. 2-7. Photopic Downwelling Illuminance as a Function of Sun Altitude from Brown (1952).
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• This is sufficiently encouraging that the analysis should be extended to other OPAQUE data, both
- the aIrborne data and the data from the OPAQUE ground stations. Validation studies could readily be

accomplished on the extensive and well controlled data base presently on tape from the eaily 1964
experiments at the Visibility Laboratory’s rooftop station. In any case , ii i~ quit c encouraging to have
obtained such an initially good correlation from such a highly variable set of cloud cover conditions as
were encountered during the flights on OPAQUE Ill.

I .
I
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3. INSTRUMENTATION

I 

—

The scientific instrumentation utilized during the interval 1 August 1975 through 30 September
1978 was first described in AFCRL-70-0137, Duntley, et a!. (1970). In that report , the descriptions of
the radiometric systems reflected the nightti me, low flux configuration for which they were initially
designed and fabricated. Subsequent to that report , several additional reports were issued which
described in general the basic system modifications required to convert the radiometric devices from
nighttime to daytime operating configurations , and to debug the electrical and optical characteristics of
the resultant modified system. The first was AFCRL-72-0255, Duntley, et aL (1972a), a second was
AFCRL-72-04-61, Duntley, et aL (1972b). a third , AFCRL-72-0593, Duntley, et aL (1972c) , and a
fourth AFCRL-TR-0457. Duntley , et a!. (1975b) which summarized all modifications up to August
1975. -

The atmospheric visibility program discussed in this report has been planned and organized as a
continuing activity under the sponsorship of the Air Force Geophysics Laboratory. Thus, a variety of
instrumentation modifications have been implemented by the Visibility Laboratory not only to improve
the systems reliability and quality, but also to maintain continuing applicability to the changing require-
ments as priorities shifted from night to daytime operations , and from clear day to cluttered , poor
weather flight conditions. The following paragraphs summarize the most significant of these
modifications which have been implemented subsequent to the period reported in AFCRL-TR-75-0457,
Duntley, el aL (1975b).

All primary instrument systems and subassemblies utilized during this report interval are tabulated
in Table 3.1 and illustrated in their deployment configurations in Fig. 3-1 and 3-2.

3.1. RADIOMETRIC SYSTEMS

• MULTIPLIER PHOTOTUBE AND RADIOMETER MEASURING CIRCUIT ASSEMBLIES

-
• 

•

. The multiplier phototube assemblies and the related radiometer measuring circuit assemblies first
- .I

~ 
described in AFCRL-70-0137, Duntley, et a!. (1970), have been superceded by the integrated radiation

-

• detection assembly described in AFCRL-TR-7S-0457, Duntley, et a!. ( l975b) .
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Table 3.1. Project Instrumentation

Radlomeiric

A. Multiplier Phototube Assembly
B. Temperature Control Housing Assembly • 

-

C. Optical Filter Assembly I 
-

D. Radiometer Measuring Circuit Assembly
E. Optical Collector Assembly

I. Automatic 2sr Scanner Assembly
2. Integrating Nephelometer Mode Select or Head Subassembly
3. Dual Irradiometer Assembly
4. Variable Path Function Meter Assembly
5. Equilibrium Radiance Telephotometer
6. Contrast Reduction Meter

II. Meteorological

A. Royco Model 220 Particle Counter
B. Cambridge Model I 37-C3 Aircraft Hygrometer System
C. ANJAMQ-17 Aerograph Set
D. Bourns Model 430/530 Absolute Pressure Transducer
E. Bourns Model 509 Differential Pressure Transducer
F. Bendix Model 566 Aspirated Hygrom eter
CL Science Associates Wjndspeed and Direction Set
H. Taylor Model SMT-5-51 Aneroid Barometer

III. Control and Communication

A. Automatic 2ir Scanner Control Console
- 

- 
•

- 

• 
B. Photometer Temperature Control Panel
C. Optical Filter Control Panel
D. Camera Control Panel
E. Flight Dynamics Display Panel
F. 42 Channel Data Logger

IV PhotographIc

A. Automax G- 1 Airborne Camera System
B. Ground-Based Soligor System
C. Ground-Based Northridge Camera System

3-2
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The prototype of this new system was successfully test flown during the SEEK VAL deployment of
July 1974 which was reported in AFCRL-TR-75-0414, Duntley, ci aL (1975a). As a result of this very
satisfactorily completed field test, a retro fit of the new system was made to each project radiometer
prior to the OPAQUE I deployment in April, 1976.

OPTICAL FILTER ASSEMBLY

As recommended in AFCRL-TR-75-0457, Duntley, et aL (1975b), the optical filter assembly
used with each project radiometer system was modified to eliminate an undesirable biasing signal pro-
duced by stray MEMORY flux within the housing. This modification was accomplished by removi ng
the swinging mirror feature originally described in AFCRL-70-0I 37, Duntley, ci aL (1970) and replac-
ing it with a fix ed mirror and a rotating cutoff sleeve.

This modification, which was a dIrect retrofit into the original basic housing was first flown as a
prototype during the OPAQUE HI deployment in the summer of 1977. For this first field test, the
modified filter assembly was used on the dual irradiometer system throug hout the deployment. There
were no system anomalies induced by the modification, which worked reliably throug hout the twelve
mission deploy ment. Pre and Post-Deployment calibrati on data were markedly improved by the
surpression of the stray MEMORY flux. Consequently, all project radiometer filter assemblies were
updated with this new MEMORY cutoff system prior to the OPAQUE IV deploy ment in January 1978.

The radiometer spectral responses were standardized during this contract interval , as illustrated in
Fig. 3-3. They were discussed in detail in Section 3.6 of AFCRL-TR-73-0422, Duntley, ci aL (1973) .

- For the daytime flights conducted during the five OPAQUE deployments, only filter selections 2, 3, 4,
and S were used for data collection . Filter number 4, the pseudo-photopic response is quite similar to
the photopic response utilized for optical measurements at each of the participating NATO OPAQUE
data stations. Filter number 6, the S-20 response is actually an ‘open hole’ filter selection which was
not used during the OPAQUE flight program.
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OPTICAL COLLE CI’OR ASSEMBLIES

Of the seven optical collector assemblies listed in Table 3.1, only the integrating nephelometer
system has had major modification dunng this contract interval.

The conversion of the airborne integrating nephelometer from its original straight through design
as illustrated in AFCRL-70-0137, Duntley , ci a!. (1970), into a more compact , folded path
configuration was initiated in late 1974. By April 1975 the revised folded path configuration was satis-
factorily defined and the redesign and refabrication task was begun as discussed in AFCRL-TR-75-0457,

Duntley, et a!. (1975b). This refabncation was completed and the new system was reinstalled on the
project aircraft prior to the OPAQUE I deployment in April, 1976. The revised folded path
con~~uration is illustrated in Figs. 3-4 and 3-5.

In Fig. 3-4 the integrating nephelometer in its trapezoidal shroud is to the right, and the upper
hemisphere scanner and camera assemblies are to the left. The entire structure fits within the modified
radome assembly shown in Fig. 3-1.

In Fig. 3-5 the nephelometer shroud is shown in the open position illustrating the location of the
projector assembly on the right, with the top of the mode selector head appearing immediately to the
left of the projector lamp housing.

H

_____ : “ . . 

•

~~

Fig. 3-4. Airborne Folded Path Integrating Nephelometer Fig. 3.5 Airborne Folded Path Integrating Nephelometer
Assembly, Shroud Closed Assembly. Shroud Open
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A summary of the systems optical and operating characteristics has been presented in AFGL-TR-
77-0078, Dunt ley, ci aL (1977).

Following the OPAQUE II deployment , AFGL..TR-77-0239, Duntley, ci aL (1978a), it was
decided to augment the air transportable ground station with the addition of an integrating nephelome-
ter. This new ground based nephelometer was designed to be as identical to the airborne Unit as was
possible within the time and dollar constraints imposed upon its fabrication .

In order to complete the ground based nephelometer prior to the OPAQUE 111 departure in late
June 1977, it was assembled using the component sub-assemblies previously used in the truck mounted
version last utilized during Project SEEKVAL, AFCRL-TR-75-0414 , Duntley , ci aL (1975a) . The new
composite system thus used the same basic projector, mode selector head and detector assemblies, and
folded frame that were used on the airborne system. Only the enclosing shroud and light trap were
different. As an additional fabricatio n expediancy, the rectangular shroud from the original truck
mounted system was modified to contain the new folded path configuration. Thus, the only basic
difference between the airborne and ground based nephelometers is in the shroud. The rectangular
configuration of the ground-based integrating nephelometer is illustrated in Fig. 3.2.

3.2. METEOROLOGICAL SYSTEMS

The airborne meteorological package during the OPAQUE deploy ments was basically unchanged
from that reported in AFCRL-72-0593, Duntley, ci aL (1972c). It included one Royco Model 220 par-
ticle counter , one Cambridge Model 137-C3 aircraft hygrometer system , one AMQ-I 7 aerograph set
and two Boums aneroid pressure transducers. Operating and maintenance instructions for these puT-
chased items are covered in their manufacturer’s brochures, e.g. ‘TP-133”, USNAF, Indianapolis, m di -
ana for AMQ- 17 data, “TO. 12M3-4-2-1’, EG&G Environmental Equip. Div., Waltham, Massachusetts
for Cambridge 137-C3 data, and ‘Operating and Servicing Manual for Royco Aerosol Particle Monitor ” ,
Royco Instruments, Inc., Menlo Park, California for Royco data.

No modifications to the meteorolo gical equipment were instituted during this contract interval,
except to the Royco system. This multiple uni t assembly was maintained and operated by personnel
from the Geophysics Laboratory. This Air Force team made extensive ‘fine tune’ adjustments to the
system ’s internal and external plumbing to insure proper leak proof operation within the pressurized
cabin of the C- 130.

3.3. CONTROL AND COMMUNICA TION SYSTEMS

The control panels, consoles, and other support facilities listed in Table 3.1 are described along
with thei r most significant earlier modifications in AFCRL-70-0137 and AFCRL-72-0593, Duntley, ci
aL (1970 and 1972c). Only minor additional modifications have been made to these items during the

- contract interval covered by this report.

The Ten Slide Photomete r Module which was listed in these earlier references was eliminated in
early 1976 when the new integrated radiation detection circui ts were implemented. At this time the
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function of the Ten Slide Photometer Module and its related power supplies was replaced by a simple
Photometer Power Distribution and Readout Panel. This panel, illustrated in Fig. 3-6 controls the
application of +26.5 VDC regulated power to each project detector assembly, and permits manual selec-
tion of each detector output circuit for display on the built-in panel meter. With this system , the in-
flight performance on any radiometer circuit can be monitored simultaneousl y and in parallel with the
normal data logging sequence.

— :
‘

Fig. 3.6. Photometer Power Distribution and Readout Panel.

3.4. PHOTOGRAPHIC SYSTEMS

No modifications have been made to the airborne photographic system since the system was first
reported and updated in AFCRL-72-0461, AFCRL-72-0593, and AFCRL-TR-75-0457, Duntley, ci aL
(1972b , 1972c, and 1975b ).

The ground-based photographic system was however supplemented with an additional camera.
Between the OPAQUE III and the OPAQUE IV deployments, a Northridge Cinetracker Model RZ1SC,
35mm data camera was adapted for use using the Soligor 180° fisheye lens. This camera system using a
50 ft. film magazine and remote control circuits considerably simplified the task of ground-based sky
and cloud cover documentation .

1
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4. DATA COLLECTION METHODS

During this contract interval , several independent but OPAQUE related data collection activities
were maintained ‘n close association with one another. The basic network was of course established by
the multi-nation collection of ground based data stations described in AFGL-TR-78-001l, Fenn (1978).
Supplementing these fixed station operations with an extensive distribution of airborne measurements
was the primary goal of the joint Geophysics Laboratory/Visibi lity Laboratory flight program which is
summarized in this report.

The C-130 flight program was in actuality, a two part operation. That is , two independent data
gathering activities were maintained simultaneously, an airborne unit , and a ground based unit. The
basic concept of each experimental sequence was built around the joint operation of these two units in a
highly coordinated , simultaneous measurement routine. The primary procedure fol lowed during each
of the five OPAQUE deployments was to establish a predetermined flight track in the immediate vicin-
it y of each host nations OPAQUE data stations. (See Section 6, Figs . 6-i thru 6-8.) The secondary
feature of the procedure was to establish a preselected site for the operation of the air transportable
ground unit. This site was preferably co-located with the official OPAQUE data station , but in any case
was located as near the flight track as possible. Once these locations were established , the proced ural
routine was for each unit to run full data collection sequences at eve ry opportunity on a daily schedule.
If for any reason the joint sequences were aborted, both units were to automatically revert to indepen-
dent operation. Partial data sets were thus often obtained even when the inevitable exigencies of joint
field operations defeated the basic routine.

The general procedures followed by the airborne and ground based teams are well documented in
Duntley, er al. (1970, 1975a , 1978a, etc. ). Only a few comme nts regarding spec ific variations in the
procedural priorities seem appropriate at this time , and they are contained in the following paragraphs.

4.1. AIRBORNE SYSTEM

The airborne data collection was accom plished through the use of an instrumented C-I 30A air-
craft in a manner similar to that reported by Dunt ley, et a!. (1970, 1975a, and 1978a). During each

“ data collection flight, the aircraft flew a predetermined pattern within the specified test area. An illus-
tration of a typical flight pattern is shown in Fig. 4-I . In this stylized pattern , two basic elements , the
‘straight and level” and the ‘vertical profile,’ are combined to yield the total mission flight plan. A

-. 
- more detailed description of all fli ght pattern elements is presented in the above referenced reports.
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In most previous deployments , the data collection sequence for the airborne system has been bro-
ken into five standardized elements: (1) preflight warmup, and calibration check , (2) straight and level
sequences (ST&LV) , (3) vertical profile sequences (V-PRO), (4) in-flight calibration checks (M-CAL
and N-CAL), and (5) postflight calibration check. During any specific deployment , however , the flight
profile may be customized by making minor variations in the sequence and number of these five ele-
ments.

The standardized D(2+4) flight profile , i.e. dual two plus four impl ying measurements made in
two spectral bands at each of four altitudes with the total sequence repeated in a second pair of spectral
bands, was the goal of each mission. However , due to the extreme sho rt term variability encountered
in typical European weather patterns, many variations in this basic flight pattern we re utilized during
the five OPAQUE deplo yments. Broad discretion was permitted in defining acceptable weather condi-
tions and flight patterns in order to maximize the number of missions in the vicinity of each OPAQUE
ground site.

The two most commonly substituted profiles were the “ D(2+ 2)” and the ‘V-PRO ONLY profiles.

The D(2+2) profile, in which measurements are made at only two straight and level altitudes , was

normally used when (here were particularly low ceilings along the track. In these instances the two alti-
tudes chosen were 1000 ft. AGL and 500 ft. below the cloud bases.

The V-PRO ONLY profiles were flown when the cloud conditions along the track we re so severe
that it was impossible to maintain the ten minute straight and level runs for the automatic scanner sys-
tems. In these instances the scanner data was abandoned , and measurements of total volume scattering
coefficient profiles were designated as adequate for justifying a compl eted mission.

A brief summary of the data flights made during this contract int crva l using the genera l pro-
cedures discussed in Section 4.1 is presented in Table 1.1. A more complete review of the data flights
is presented in Section 6. 

-

4.2. GROUND-BASED SYSTEM

The ground-based data collection sequence was designed to supplement the airborne data when-
ever the aircraft was operating in the immediate vicinity. Howe ver , it is also complete enoug h to stand
alone when the aircraft mission is diverted or aborted. The genera l operating procedures have been
described in the references noted in Section 4. 1.

The ground-based instrument system has several operational responsibilities . First, it must suppl y
a ground-level data base to allow interp olation of various measurements between ground altitude and
the lowest attainable aircraft altitude. Second , it must supply long term temp oral sampling of those
meteorologica l and radiometric quantities which relate to the project task. Third , the ground system
serves as a spare parts and repair facil ity for the entire air/ground ope ration. In the event of a catas-
trophic failure in a primary airborne instrument or assembly , the equivalent piece of instrumentation is
reassigned to the aircraft from the ground-based system. The aircraft can then return to service with a
minimum of ‘down-time ,” and repairs can be accomplished under the more convenient ground station
conditions.
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During the five OPAQUE deployments which occurred during this contract period , the ground-
based system operated within one additio nal constraint. Due to the var iety of locations visited during
each deployment , it was essential that the ground-based equipment be coMpletely transp ortable in the
pr~ect C-130, and that it be readily deployable from the aircraft ’s staging bases to the data collection —

sites by ground vehicle.

As a result of this logistical requirement , the ground-based system was limited to only the highl y
portable Contrast Reduction Meter , AFGL-TR-76-0l88 and AFGL-TR-77-0078, Duntley, et aL (1976
and 1977) during OPAQUE I and OPAQUE II. However , by the time the OPAQUE III deployment
occurred, a ground-based integrating nephelometer had been devised , and it was added to the ground
station invento ry. During OPAQUE Ill , IV and V both the Contrast Reduction Meter and Ground-
Based Integrat ing Nephelometer were in full operation. The availabilit y of a C-130 class nephelome tef
at the ground site should contribute significaml y to the eventual linking bet ween the extensive
OPAQUE ground level data base and the more limited Geophysics Laboratory/Visibility Laboratory air-
borne data , an ultimate and necessar y goal in the determination of the near ground level optical-
meteorologica l relationships.
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5. DATA PROCESSING TECHNIQUE

The degree of data processing sophistication utilized during this contract interval is illustrated in
Figs. 5-I and 5-2. In these generalized flow charts, the basic functional steps utilized in the data pro-
cessing of the raw field data are clearly specified. They do not illustrate , however , all of the misce llane-
ous routines uscd for data base management and special diagnostic purposes. A more complete descrip-
tion of each phase of the processing sequence is contained in AFCRL-72-0255 , AFCRL-72-0593,
A FCRL-TR-75-0457 , and AFCRL-TR-76-0188, Duntley, et a!. (l972a, 1972c, 1975b, and 1976).

During the contract interval covered by this report , the major softw are effort was in the develop-
ment and efficient implementation of the procedures illustrated in Figs. 5-1 and 5-2. The specific
emphasis on the data processing development has been twofold: directed first at isolatin g the automatic
scanner data and streamlining the procedure of converting the measured field data directly into report
format , and second , at developing an automatically documented data bank so that additional analysis
using computer methods could readily be undertaken. The use of the technical documentation pro-
cedure descri bed in AFCRL-72-0593, Dunt ley , el a!. (1972c). has worked effectively in recording data
quality. The implementation of the procedures outlined in AFCRL-TR-75-0457 , Dunt ley , et a!.
(1975b) for the separate handling of the automatic 2ir scanner data has been accomplished . The data
presented in AFGL-TR-76-0188, Duntley, et al. (1976) , was produced using these procedures with
fully satisfactory results. Short summaries of the sub-routines utilized in the processing of these data,
i.e., Programs FLTDOC, MIRESCAN , SCANTSUM , and a revised AVIZCI3O, are also contained in
the above 1976 reference .

• No substantive change s to the routines illustrated in Figs . 5-1 and 5-2 beyond those referenced
above have been incorporated during this contract interval. Howeve r , a significant number of display
and diagnostic options have been made available. Typ ical of these displays are the comp arative plots of
relative humidity and total volume scattering coefficient profiles illustrated in Fig. 8-Il of AFGL-TR-

-
‘ ~~~ - 

- 77-0239, Duntley , et a!. (1978a ), and Fig. 7-IS herein.

- 
- 

Another potentially useful display has been developed to simplify the presentation of sky and ter-
rain radiance distributions. Program ASCANPLT operates on the data tables which list the sky and ter-
rain radiances used for determining computed optical properties such as those reported in
AFGL-TR-76-0188 , Duntley, et a!. (1976), i.e. path radiance , directional path reflectance , etc. The
sky and terrain radiance tables generated for each data fligh t are relatively bulky, and the refore have not

• normally been among the items included in each technical report . However , it has been apparent for
some time Uiai many users could take advant age of this basic data base, if some convenient manner of’
presentation could be devised. Program ASCANPLT automatically generates iso-radiance maps as illus-

- 
I trated in Fig. 5-3 from each pair of sky and terrain radiance tables provided as input. In these graphical
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displays , the radiance pattern that was measured in each hemisphere is plotted in polar format. The
azimuths in the display are in degrees from the sun. That is , the solar azii~ nh at the time of measure-
ment has been made zero degrees azimuth in the plots. In the sky radiance plot , the center of the plot
represents the zenith , and the outer periphe ry the horizon . In the terrain plot , the center is the nadir
and the periphery the horizon.

These iso-radiance maps, in which lines of equal radiance value are connected as contours , are •

much more compact than tabular disp lays and permit rapid visual sorting of smooth or cluttered radi-
ance patterns. A compendium of sky and terrain radiance maps of this typ e would be a valuable tool to
many users. The development of a technique to sort and classify these representations using automatic
pattern recognition routines would open the door to a broad variety of user studies and applications.

Several of the software changes implemented during the recent interval do not affect the flow
chart sequencing illustrated in Figs. 5-1 and 5-2 , but were among the most important ever instituted.
These modifications were those instituted to permit terminal access to the basic data base and the pro-
gram routin es required for data base manipulation. With the capability of controlling (he basic process-
ing procedures completely by remote control via telephonic terminal access , the efficiency of the data
processing was dramatically increased, and its cos t substantially reduced. As both the airborne and
ground level data bases from program OPAQUE become more readily available for analysis and applica-
tion to the task of defining the low altitude eleciro-optica l operating regime , quick , select ive data access
will become more and more important. With the imminent arrival of this next phase of the program
currently upon us, the growing development of this terminal capability will soon be fully rewarded.
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6. DEPLOY MENT AND DATA SUMMARY

6.1. FIELD TRIP SUMMARY

During the three year contract interval described in this report , there we re five major overseas
deployments made in corVunct ion with the program OPAQUE effort. These deployments involved the

- airborne and ground based instrument systems described in Section 3, and were organized and coordi-
nated throu gh the effo rts of the Air Force Geophysics Laboratory. Air Force flight crews and mainte-

- 
nance teams required for the operation and support of the C-I 30A aircraft were provided through the

- 4950t h Test Wing at Wright-Patterson AFB. Technical flight and ground based personnel required for
the operation and maintenance of the equipment described in Section 3 were provided through the Air
Force Geophysics Laborato ry and the Visibili ty Laborator y of the University of California, San Diego.

Each of the five trips was planned to provide daytime atmospheric measurements as a function of
altitude in the immediate vicinit y of several different OPAQUE data statio ns. Whereas the host nations

• OPAQUE stations were normall y operating on a continuous basis , making hourly measurements on a
24 hour a day schedule . the C-130 would therefore be able to productively supplement these ground
based measurements even thou gh it could be over each site on only an occasional ,~asis.

The five OPAQUE deployments were scheduled o insure a reasonably diverse geographical sam-
pling of vertical profile data during each of the four seasons of the year , Spring, Summer, Fall, and

- 

- 

- - 
Winter. The degree of success in achieving an optimum mix of fli ghts was as usual determined pri-
manly by the vagaries of the European weather pattern and the unscheduled maintenance requirements

-
- - of the aircraft.

Table 6.1 lists the general location of each of the different flight tracks utilized duri ng the
OPAQUE deployments, and also the locations where the air transportable ground unit was established.
As a tabulating convenience , the entries in both Table 6.1 and 6.2 are listed in order of increasin g

- - - - -  degrees of latitude. Table 6.2 tabulates the number of data missions attempted duri ng each OPAQUE
- ,~~~~~ • • deployment. Since a flight mission is logged every time the aircraft becomes airborne and the prelim-

m ary system calibration data are recorded, not every attem iM will produce usable data. Similarly, even
though the data flight is completed , weather conditions may have been so marginal that only portions of
the measured data are interpretable and suitable for further use, as is implied by the listings in the data
summary of Section 6.3.~ These partially complete poor weather flight sequences may in fact be among

- 
-

, the most valuable collected since they represent the most likely conditions under which electro-optical
system performance will require critical specifications.

-
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Table ~ .*. Project OPAQUE flight Track & Ground Sites
Location & Ground Elevations

Geographical Reference Center of flight Track Ground Site Approx
and Gnd Elev

Site Identification Code Latitude Longitude Latitude Longitude along track

Ground Sites
Catania, Sicily (CT) • . 3’r24’N 14 55’E
Trapeni. Sicily (TR) - - 3?5S’N 12’29’E -
Bruz, France (BR) - - 4r01’N l’45 W -

Birkhof, Germany (BK)  - . 4813’N YIl’E
Yeovilion. England (YO) . . 51 01’N r37W
Soesierberg. Netherlands ( S )  . 5r08’N SITE -

Meppen, Germany (MP) - . 52°52’N r23’E -

Flight Tracks
Sigonella. Sicily (SG) 37°24’N 15 20’E - • Sea Level
Trapani, Sicily (TR) 37 33’N 12’30’E - . S~ Level

-‘ Bruz, France (BR) 48 01’N l~4I’W • - SOm
Birkhof. Germany (BK) 4r15’N 9 05’E . - 762 m

Yeovil. England (YO) 50 56’N r27’W - - 60 m 
=

Soesterberg. Netherlands (50) SI~S6’N 5 3 5’E . - 6 m
Mildenhall. England (ML) S2°24’N r41’E • . Sea Level

• Ah lhorn . Germany (AL ) 52°53’N 7’Sl’E • - 18 m
Meppen. Germany (MP) S3°0O’N 7°37’E . . 18 m
Rodby, Denmark (RB ) 54 41’N 1108’E - - Sea Level

Table ~.2. Geographical Distribution of Project OPAQUE Data flights

- . ______ 
Attempted land reported) Data Sequences 

_______

• Flight Track Went OPAQUE I OPAQUE II OPAQUE Ill OPAQUE IV OPAQUE V

• Spring Fall Summer Winter Summer

Sigonella. Sicily 0 0 0 2 0

- 
Tra~ ni. Sicily 0 0 0 3 4
Bruz France 0 5 (5) 3 (3) 0 0
Birkho(.Gecmany 0 0 0 8 5

• 
- Yeovd, England 5 (3) 0 0 5 3

~~ ~~
‘‘ 

-

‘ Soessevberg. Netherlands I (I) 0 I (0) 2 2
MildenhaIl. England 0 0 0 2 0

r ~~ 
- AMio,n. Germany 0 0 2 (2) 0 0

Meppen, Germany 5 (2) 4 (3) 3 (3) 3 4
l Rodby. Daninark 2 (2) 4 (4) 4 (4) 2 2

s-
TOTAL 13 1$) 13( 12) 13(12) 27 20
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The location and physical layout of each of the host nation OPAQUE data sites are described in
AFGL-TR-78-OOII, Fenn (1978). The flight track locations with respect to these sites are illustrated in
Ftgs. 6-I throug h 6-8. Fg. 6-I illustrates the track locations with respect to the overa ll European
operating area, while the remainder of the figures illustrate each t rack area in slig htly greater detail. As
in Tables 6.1 and 6.2, the maps are present ed in order of increasin g degrees of latitude , and not neces-: . 
sarily in the order of the ir chronological use .
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Fig. 6-7. Typical Meppen Track and Data Sites, Detail Map. Latitude and Longitude
References are to Flight Track Center Point.
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Fig 6-8 Typical Rodbj. Track and Data Sites. Detail Map. Latitude and Longitude
References are to flight Track Center Point. -

6.2. DESCRIPTION OF FIELD TRIPS

The five European deployments which were conducted by Geophysics Laboratory and Visibility
Laboratory technical teams in conjunction with program OPAQUE are summarized in the following
paragraphs. During each of these deployments the major goal was to achieve a selection of several

• flights over at least four of the operational OPAQUE ground sites . The degree to which this goal was
achieved was for the most part ‘dictated by weather and maintenance considerations , since flights were
routinely scheduled on a daily basis.

Data from the first three deployments have been reported in the AFGL Technical Report series as
noted in the Related Reports listing and Table 6.2 of this report . Data from the remaining two deploy- .
ments are currentl y being processed for presentation during 1979.
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OPAQUE I , SPRING, 1976, FLIGHT NOS . C-370 THROUGH C-382

The Spring deployment began with the Visibility Laboratory tea m departing San Diego on
Wednesday, 31 March 1976. The team returned on Monday, 31 May 1976. During the 62 day interval
between this team, in conjunction w ith the AFGL technical team and the aircraft flight crew , operated
out of five different air bases in four different countries. As was to become the standard operating pro-
cedure, ent ry to the European theater was via Rhein-Main Air Base, near Frankfurt , Germany. Subse-
quent to final equipment checks and technical coordination at Rhein-Main, the operational excursions
to the various OPAQUE sites was begun.

The ope rational sequence listed below is arranged in chronolog ical order to simplify association of
the flight locations with the flight numbering sequence and the temporal relationships between the site
over-flights.

Order . . . Site Map
Staging Base Ident Geographical Location

Visited 
__________________ 

—_____________________ ~dent

I. Rhein-Main Air Base near Frankfurt , Germany Fig. 6-I
2. Wunstorf Air Base near Hannover , Germany Fig. 6-7
3. Soesterberg Air Base near Utrecht , Netherlands Fig. 6-6
4. Mildenhall Air Base near Cambridge. England Fig. 6-S
S. Vaerlose Air Base near Copenhagen, Der mark Fig. 6-8

During this first deployment there were two fundamental equip ment differences from the
configurations u~ d in the preceding contract intervals. As noted in Section 3, all of the radiometer sys-
tems were fitted with new electronic circuitry resulting in a simplified more self-contained detector
assembly, and the airborne integrating nephelometer was rebuilt into its folded path configuration.

The Visibility Laboratory ground station, which consisted of only the fly-away CRM system, was
operational at two of the four prima ry sites. It was located at the American OPAQUE site on the
Meppen Artillery Test Range while flights we re out of Wunstorf A S . , and on Soesterberg A.B. whil e
flights were conducted in the Netherlands. Since the British and Danish flight tracks were both quite
remote from the staging air bases , it was not logistically p;artica l during this first deployment to reloca te
the CRM system during missions in these two countries.

As noted in AFGL-TR-77-0078 , Duntley, et a!. (1977) which reported select ed radiometric and
meteorological data from eight of the flights during this springtime deployment , all of the data reflected
daytime measurements with meteorol ogical conditions rang ing from clear to fully over cast with rain.
Since many of the data sets previously obtain ed by the C-I 30 system have reflected pri marily clear day
conditions , these first OPAQUE sets which describe more cluttered meteorological situations are we)-
come additions to the program’s optical documentation of realistic operational scenarios.
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OPAQUE II , FALL , 1976, FLIGHT NOS. C-390 THROUGH C-402

The Fall deployment began with the Visibility Laboratory team departing San Diego on Wednes-
day, 13 October 1976. The team returned on Sunday, 12 December 1976. During the 60 day interven-
ing period, the joint Air Force and Visibility Laboratory team repeated the basic operational pattern
established during the preceding Spring deployment. However after initial checkout and coordination at
Rhein-Main, the selection of operating sites was altered to include operations from three additional air
bases in three different countries. This modi fied sequence is listed below , again in chronological order.

[Order . - 
Site Map

Staging Base ldent Geographica l Location
\ isited Ident

I ~ Rhein-Main Air Base near Frankfurt . Germa ny Fig. 6-I
2 Wuns tor f Air Base near Hannover , Germany Fig. 6-7
3 Vaer lose Air Base near Copenhagen . Denmark Fig. 6-8
4. Lann Bihoue Air Base near Lori ent . France Fig. 6-3

There were no significant instrumentation changes between the Spring and Fall deployments.
Howe ver , the Visibility Laboratory fly-away ground station was repacked into a roll-a round container to
simplify the logistics of loading and off-loadin g the aircraft. This system still consisted of only the
CRM radiometer. It was located at the Meppen OPAQUE site while flights we re conducted out of
Wunstorf Air Base and at the Bruz OPAQUE site while fli ghts were conducted out of Lann Sihoue Air
Base.

Selected radiometric and meteorol ogical data from twelve of the fli ghts conducted during this Fall

deploy ment have been reported in AFGL-TR-77-0239, Duntley, er a!. (1978a). Even more so than in
the preceding deployments, efforts were made to conduct missions under a full spectru m of meteoro-
logical conditions, including those which were only marginal for visual flight conditions. As a result, at
least four of the fli ghts reported were conducted under cloud and overcast conditions that would have
been unattempted durin g previous field deployments. With this non-clear day emphasis, the basic data
pri ority has shifted to the collection of volume scattering coe fficient profiles. The influences of
increased profile importance , and poo r-weath er M data collection , have combined to demand a change in
the ground Station configuration. The conditions encountered during the Fall deployment dictated the
addition of a ground based integrating nephelometer to the ground system however di fficult the result-

• ing logistics , migh t become . Steps to accomplish this end were implemented to acquire this additional
system prior to the antici pated summer deployment.

6-9
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OPAQUE III , SUMMER, 1977, FLIGHT NOS. C-410 THROUGH C-422

This, the first of two Summer deployments began with the Visibility..,Laboratory team departing
San Diego on Tuesday, 28 June 1977. The team returned on Tuesday, 30 August 1977. During the 63
day intervening period , the joint Air Force and Visibility Laboratory team again operated the aircraft
out of four different air bases in three different countries . The operational sequence for the OPAQUE
Ill deployment however , was reversed from that of OPAQUE II, as is illustrated in the chronol ogical
listing below.

Order . Site Map
Staging Base Ident Geographical LocationVis it ed Ident

I. Rhein-Main Air Base near Frankfurt. Germany Fig. b-I

2. Lann Bihouc Air Base near Lorien t , France Fig. 6-3
3. Vaerlose Air Base near Copenhagen. Denmark Fig. 6-8
4. Wunstorf Air Base near Hannover . Germany Fig. 6-7

This reversed sequence was instituted to insure the opportunity to adequately documen t atmos-
pheric conditions in conjuncti on with the French OPAQUE station at Bruz , since aircraft maintenance
proble ths had somewhat distorted the operational schedule there at the termination of OPAQUE II.

The addition of the ground based integrating nephelometer system, which was discussed briefly in
Section 3, to the Visibility Laborato ry fly-away ground station was complet ed in time for its inclusion
on the OPAQUE HI deployment. Consequently, the continuation of scatt ering coefficient profile data
between the aircraft ’s minimum flight altitude and the ground can be based upon interp olation between
measured data points , rather than solely upon an assumed extrap olation technique. A basic design revi-
sion to the standardized radiometer MEMORY systems was tested in prototyp e during the OPAQUE III
deployment. The stray light suppression accomplished by this modification significantly improved the
quality of measuremen ts made with the prototyp e system , and the decision was made to retrofit all
radiometers with this redesigned MEMORY cuto ff prior to OPAQUE IV.

The augmented fly-away ground station was operational at two of the three data sites visited dur-
ing OPAQUE III. It was located at the Bruz OPAQUE site while the aircraft was operating out of Lann
Bihoue Air Base in France and at the Meppen OPAQUE site while the aircraft was operating out of
Wunstorf Air Base in Germany.

Selected radiometric and meteorological data from twelve of the flights conducted during this
Summer deployment have been reported in AFGL -TR-78-0168, Duntley, et a!. (1978b). The relaxa-
tion of the “acceptable weather ” definition i.e. fly on any day under which VFR contact with the ground
can be maintained up to at least l000m AGL . as done during OPAQUE 11, was a fortuitous decision ,
since this was a wet summer on all OPAQUE fli ght tracks. There were no “ clear day” fli ghts encoun-
tered during the OPAQUE III deploymern , and there we re at least three missions during which the air-
craft penetrated intermittent rain squalls. Fortunately, there were no electronic or electrical malfunc-

- - tions due to the rain even though the scanner and nephelometer systems were not originally designed
as all-weather systems. These rainy day flights will provide the first set of data suitable for evaluation
of the integrating nephe lometer ’s performance under these previously avoided meteorologica l condi-
tions.

6-10
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OPAQUE IV , WINTER, 1978, FLIGHT NOS. C-430 THROUGH C-456

The Winter deployment began with the Visibility Laborato ry team departing San Diego on
Wednesday, 25 January 1978. The team returned on Monday, 10 April 1978. During this 72 day

deployment , the longest of those up to this time, the joint Air Force and Visibility Laboratory team
operated the aircraft out of four different bases in three different countries , not counting the initial
staging into Rhein-Main Air Base. Two new bases, never before visited during the OPAQUE related
missions, we re added to the itinerary , one in Sicily and one in southern Germany. The chronological
listing of the operational bases utilized during the OPAQUE IV deployment is shown below:

Order . Site Map
. . Staging Base Ident Geographical Location

Visited Ident
I. Rhein-Main Air Base near Frankfurt , Germany Fig. 6-I
2. Sigonella Nin’aI Air Facility near Catania. Sicily Fig. 6-2
3. Memmingen Air Bae S-W of Munich . Germany Fig. 6-4
4. Mildenha ll Air Base N-W of Cambridge . England Fig. 6-5
5. Wunstorf Air Base near Ilannov er . Germany Fig. 6-7

The only major instrumentation modification implemented for the OPAQUE IV deployment was
with respect to the MEMORY cutoff system. This modification , discussed briefly in Section 3, was
flown in prototype during OPAQUE Ill. The improved performance of dual irradiometer system upon
which this modification had been retrofitted was so impressive that the decision to extend the
modification to all systems was made immediately upon retuin to the Laboratory in September, 1977.
The modification was accomplished on all of the airborne and ground based radiometer systems used by
the Visibility Laboratory team during OPAQUE IV .

The fly-away ground station, which again included both the CRM and integrating nephelometer
systems, was operational in the vicinity of all four of the primary OPAQUE flight t racks. While the air-
craft operated out of Sigonella Naval Air Facility the ground station was located at Birgi Air Base near

Trapani, Sicily. This base is the location for the Italian OPAQUE data Site. When airborne operations
• moved to Memmingen Air Base, the ground station was relocated LO Birkhof. Germany which is the

location of the German OPAQUE data site. Only in the United Kingdom was the fly-away ground sta-
non not located on the offi cial OPAQUE site. While the airc raft was operating out of Mildenhall Air
Base the ground sta rion was located at UMS Heron , Yeov iiton Royal Naval Air Station , Yeov ilton .
England. This site , approximately 35 miles northwest from the British OPAQUE site at Christchurch,
was chosen for its proximity to the actual flight track and for its suitability for air transp ort of the
ground-based equipment to and from the site. When airborne operations returned to Germany out of
Wunsto rf Air Base, the ground fly-away ground Station was relocated to the Meppen test range which
was the site of the American supp orted OPAQUE data site.

In spite of the bad weather conditions that were anticip ated for this Winter deploy ment , OPAQUE
IV was the most productive trip to date. The weather was exceptionally permissive as is indicated by
the completion of twenty five missions. The data from OPAQUE IV are being prepared for publication
during 1979. The spectrum of weather conditions encountered was exceptionally broad , ranging from
reasonabl y cloud free with moderate haze to low ceilings with rain and snow.
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OPAQUE V. SUMMER, 1978, FLIGHT NOS. C-460 THROUGH C-479

- This , the second Summer deployment , similar in season to OPAQUE HI, began with the Visi bility
Laborato ry team departing San Diego 04 Uriday, 28 July 1978. The team returned on Saturday, 30 Sep-
tember 1978. During the 64 day intervening period, the joint Air Force and Visibility Laboratory team
operated the aircraft out of six di fferent air bases in four different countries. This represents the largest
number of bases ever utilized during a single deplo yment. Howeve r , since all of these bases had been
visited before , there were no operational difficulties and the exceptional cooperation of the host nation
personnel made the exercise a remarkably smooth and efficient experience . The chronological listing of
the operational bases utilized during this final OPAQUE deployment is shown below:

Order Site Map
- 

Sljging Base Went Geographical Location
Visited 

_____________________ ________________________ 
Ident

1 . Rhe,n-Main Air Base near Frank luti . Germany Fig. 6-I
2 Sigonella Naval Air Facility near Catania. Sicily Fig. 6-2
3 Wunstor f Air Base near Ilanno ve r , Germany Fig. 6-7
4 Memmingen Air Base S-W of Munich . Germany Fig. 6-4
S Muldenhall Air Base N-W of Cambridge . England Fig. 6-5
6. Vaerlose Air Base near Copenhagen . Denmark Fig. 6-8

There were no instrumentation modifications imposed during the preparations for the OPAQUE V
deployment, on1y normal maintenance and overhaul. The fly-away ground station was operational at or
near four of the five primary OPAQUE flight tracks. As during the preceding OPAQUE IV deploy-
ment , it was in operation on the official OPAQUE data site at Trapani/Birgi Air Base, Sicily, and at both
the Meppen and Birkhof sites in Germany. Similarly, the ground station was located at Yeovilton while
the aircraft was operating out of Mildenhat l , England .

- 
- 

The weather was much more coo perative during this second Summer deployment than it had been
during the first, OPAQUE III. Even though there were few trul y clear days , there were many marred

~~ ~~~ only by minor cloud and haze conditions. Consequentl y, of the nineteen total missions , ten of them
- . - - were classified as “full profile ” missions , i.e. four straig ht and level altitudes in a total of four spectral

bands. The remaining nine were assorted flights of lesser quality ranging all the way down to 5000 ft.
ceilings with haze and light rain. The data from OPAQUE V are being prepared for publication during
1979.
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6.3. DATA BANK SUMMARY

The field trips summarized in Section 6 of AFCRL-TR-75-0457, Duntley, et a!. (1975b) , plus the
five described in Section 6.2 immedia tely preceding, provide a rather extensi ve data bank which can be
used to derive atmospheric optical prop erties for both upward and downward paths of sig ht. An initial
sorting of these flight data has been made to determine the number of flights which are sufficiently
complete to warrant further processing. The resultant most probable classification for these sorted
flights is illu strated in Table 6.3

During the pre OPAQUE deployments, e.g. HAVENVIEW II , SEMINOLE , etc., flights were
selected for complete processing only. That is flights containing adequate data for the com putation of
directional path reflectance, R,~(:. ø .4) , as outlined in both branches of Fig. 5-I , were processed and
reported; but fli ghts lacking data from at least three straight and level altitudes and three spectral bands
were deleted and put into backlog.

Table 6.3. Available Data Bank

flights Repor ted Approxima te

in AF(iL -TR Format Backlog
Deployment Geographical Numbe r” -

~~~~~~~~~~ 
—

Title 
— — 

Location Sca.~on l-ligh . s-onI~ K” s-only R

Europe.in
OPAQUE ‘~ IT. W ( i .LJ K .I) K . \l - Al. (,.SI l’ 70 0 0 19 lb
OPAQUE IV lT. W~ .UK .l)K.NL i\N.l I R.S1 .\R 77 0 0 25 14
OPAQUE Ill WG.FR it t -  ~~~~~~~ 13 78-Olbg t l2~ 0 0 9
OPAQUE II Dk.WG .FR (WT-NOV-I)F( I) 77-0239 (12) 0 0 10
OPAQUE I WG .U K . NI- . DK A PR-M \~- 13 77-0078(8) 0 0 8
IIAV ENVIEW II WG 5) .5~ .J~ N IX 0 76-0188 (7) II 8
IIAV I NVII- W I W(i.SP. M() AP R-MAN ~~~ �~ 0 72-0255 (6) IS 14

(onunenlal U S
SEEKVA L Western Washington It F II 0 75-~~l4 (X ) 3 3
SEMINOLE Western Florida J 5~~l I K II 0 0 II 9
(iATI- t

~ 5~ Southern lll,not~ MN 5 0 0 8 7

SENTRY New h ampshire APR 8 0 0 8 8

L(X’AL I. II.  III  Southern California J\\ .()( 1 12 0 0 I? 12
METRo Southern Illinois S 0 73-0422(5) I) 0

METRo Southern Illinois 5 t ( i  - 74-0298(3) 74-0298(3) 0 0
SNOWBIRI) Northern Michiga n St AR 8 0 0 8 5
ATOM Central Ne~ Mex ico (WT-NOV 7 0) 72-0461(6) I) 0

p. ~~i, ~~~ (,~rm..n, I I. I nd~’,I i¼n~d,,rn IN I ,.n,c 1* I~~nmsi5 . ‘Si ~~~,e4ind, ~J
ii..is IS..iI, I . SP Sç,...n 510 -4

• - v I ~~~~~~ i5’rs ,,ns~ni. u’q..I .,iI..mJ...-,J fl,~ i,i. n.IrnI ,nI .~ .,iIici at,o,Is i ,w I S I~~$olnwnIs
h’i.a .,WI~l’4Ct*’ I5~i,l,
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With the initiation of the OPAQUE program, this restrictive selection was abandoned. There was
good reason to believe that the OPAQUE data base would eventually be addressed to operational prob-
lems characterized by generally low altitude regimes and poor weather meteorological conditions. Con-
sequently, the actual flight planning on each deployment was altered to accept as adequate, weather
conditions which previously would have been rejected as being too poor. This relaxation effects the
nature of the data bank in that for the OPAQUE deployments , there are prop ortionally fewer flights
meeting the R,(:.D,~~

) criteria outlined in the preceding paragraph. There are on the other hand , con -
siderably more flights providing vertical profile data describing atmospheric volume scattering
coe fficients under a variety of moderate o heavy cloud conditions. Also there are for the f irs t time,
flights containing data suitable for the computation of R~’(:.ø.th) values under atmospheric conditions
characterized by low ceiling s , heavy haze, and intermittent rain and sno w .

The processing of this extensive and diversified data bank will be approached in several phases in
order to expedite the availabilit y of selected parameters deemed particularly useful within the OF kQUE
scenario. As one might infer from Table 6.3, the initial processing of the OPAQUE flight data concen-
trates on scattering coe fficient profiles exclusi vely, i.e., only the procedures in the lowe r branch of Fig.
5-1 are utilized. Once all of the OPAQUE fl ights have been processed and reported to this level of
completion , they will be recycled to pick up those flights where the data is adequate for R,(:,ø,~~)
determinations. However , in this second pass , the requirements for utilization will be loosened to
include any flight having at least two straight and level t1~ ~

‘ altitudes, with measurements in at least
two optical filters. Thus, much of the low altitude , poor w~ather conditions that typified many of the
OPAQUE flight missions can be used to derive limited but extremel y valuable and unique sets of
atmospheric optica l prop erties.

tr
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7. DATA AVAILABILITY & EXAMPLES

The Air Force Geophysics Laboratory and the Visibility Laboratory have participated in several
measufement programs related to studies of the European atmospheric optical-meteorological environ-
ment. Two of these preceded the current OPAQUE effort by several years. The data bases from each
of these programs is quite similar in nature and content and thus is appropriate for supplementary
inclusion in support of the OPAQUE concept. The first of these two related programs was conducted
primarily in May 1972 under the program title HAVENVIEW. Six data flights were made slightly north
of Memmingen, Germany about 65km southeast of the Birkhof OPAQUE track. Data from these
flights were reported in AFCRL-72-0255, Duntley, el a!. (1972a). The second related program was
conducted in May 1973, under the program title HAVENVIEW It. Twenty-one flights were made along
a track that overlayed, but was longer than the Meppen OPAQUE track illustrated in Fig. 6-7. Data

- from seven of these flights were reported in AFGL-TR-76-0188, Duntley, et a!. (1976) . Subsequent to
- these early European measurements, the NATO/OPAQUE program was developed and the measure-

ments made during the interval covered by this report were all directed specifically toward OPAQUE
applications.

Samples of the data collected and reported under the OPAQUE and the earlier HAVENVIEW 11
-~ - programs are included in the following paragraphs as illustrations of the presently available data base.

71 OPAQUE DATA BASE

Flight data from the first three OPAQUE deployments described in Section 6 have been reported
in the corresponding scientific reports as listed in that same section. These reports have not included

• 

- the directional pith reflectance and path radiance data that can be computed in accordance with Fig.
5-1, but have been restricted to volume scattering coefficient profiles, irradiance profiles and a selection
of appropriately contemporary meteorological properties. In the context of the overall OPAQUE data

• analysis program, computation of the more directional optical properties will be withheld pending the
completion of scattering coefficient reports covering all five OPAQUE deployments. Subsequent to the
issuance of the five scattering coefficient reports, emphasis will be shifted toward completing the more
involved process of computing the desired directional properties.
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The flight data summary tables which define the data flights included in each of the three previ-
ously published OPAQUE reports have been abstracted and reproduced herein as Tables 7.1, 7.2 and
7.3. The table entries are reasonably self-explanatory, but are commented on briefly in the original
reports if one desires clarification.

Table 7.1. Flight Data Summary for OPAQUE I (AFGL.TR.77-0078)

Total Time of Data Taking I
Sun Zenith Angle flight Altitude

flight Date Start End Filter (degrees) meters (AGL)
No. (1976) — _____ —-— ______ —

______ 
GMT WI GMT LCT Start Transi t End Mm Mas

C-372 I? Apr 114 1 1241 1343 1443 2.3 43 I - 50.2 270 5760
1347 144 7 153$ 163$ 4.5 504 - 64.9 270 5760

C.373 I May 1056 1156 1250 1350 2.3 38.5 35. 7 36.8 570 5910
1255 1355 1446 1546 4 .5 37 .0 - 48. 1 570 5880

C-376 8 May 0900 1000 1047 1147 2 .3 50.0 - 37 . 2 540 6060
1053 1153 1240 1340 4.5 36.8 33. 7 34.5 510 6120

C-377 10 May 0904 1004 1100 1200 2.3 48.9 - 35.6 360 6090
1109 1209 1253 1353 4 .5 35. 1 33.2 34.6 360 6090

C-378 12 May 0944 1044 1025 1125 2.3 40. 1 - 37.5 270 1800
1032 1132 I l l S  12 1$ 4 .5 37.2 36.5 36.5 270 1590

C.379 17 Ma 0957 1057 1138 123$ 2 .3 38.0 35.3 35.7 300 6270

1143 1243 1332 1432 4.5 35.8 - 44.3 270 6270

C-3$I 25 May 1058 115$ 124 1 134 1 2 .4 32.4 32.0 35.1 270 5490
1246 1346 14 16 15 16 3.5 35.5 - 45.6 270 5460

C-382 26 May 0925 1025 1056 1156 2.4 39. 4 - 32.3 330 5430

4 .

Samples of the meteorol ogical and radiometric data appearing in each of these preceding
OPAQUE reports are included in the following paragraphs. These sample plots are typical of the graphi-
cal displays used to document the character of each flight included in each report. Also included in the
original reports, but not reproduced here are tabular listings of some of the data that is shown graphi-
cally.

• ~~~~~ 7-2
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Table 7.2. Right Data Summary for OPAQUE 11 (AFGL-TR-77-0239)

Total Time of Data Taking
Sun Zenith Angle flight Altitude

flight Date Start End Filter (degrees) meters (AGL)

No. (1976) -— — —
_____ 

GMT La GMT L~~ Stan Transit End Mm Max

C-390 25 Oct 1230 1330 1425 1525 2,3 69.6 - 79.7 270 6090
1429 1529 1615 1715 4.5 80.1 - 93.7 300 6090

C-391 26 0ct 1119 1219 1144 1244 2 67.4 - 67.9 270 5490
1147 1247 1208 1308 3 68.0 - 68.8 270 5430
1 209 1309 1235 1335 4 68.9 . 70.2 300 5160
1236 1336 1257 1357 5 70.3 . 71.6 840 5100

C-392 I Nov 1115 1215 1208 130$ 2.3 67.6 - 68.6 420 1410
12 12 1312 1253 1353 4.5 68.7 • 71.0 360 1170

C-393 2 Nov 1036 1136 1046 1146 2 68.3 - 68. 1 300 1590

1050 1150 1053 1153 3 68.0 - 68.0 270 1440
1108 120$ 1111 12 11 4 67.9 - 67.9 360 1380
1114 12 14 1117 1217 5 67.9 - 67.9 330 1440

C-394 1$ Nov 1147 1247 1221 1321 2,3 74.7 - 76.0 210 900
1225 1325 1259 1359 4,5 76.2 - 78.3 300 900

C.395 19 Nov 1150 1250 1319 1419 2.3 75.0 . 799 301,) 4440
• 1256 1356 1422 1522 4.5 78.2 - 85.8 300 4440

C-397 23 Nov 120 1 1302 1257 1357 2,3 74.1 - 76.7 300 4320
1238 1338 1259 1359 4 75.5 - 76.8 330 4320
1259 1359 1317 14 17 S 76.8 - 78.0 300 4320

C-398 2 Dec 1143 1243 1306 1406 2 70.1 70.0 71.8 420 4440

1315 1415 1411 1511 4 72.2 - 76.3 450 4410

C-399 3 Dcc 1013 I I I )  1250 1350 2.3 73.9 70.2 7 1.2 390 2610
l I I 6  12 16 1230 1330 4,5 70.8 70.2 70.6 420 2580

C.400 4 Dec 1029 1129 1204 1304 2.3 73.0 70.3 70.3 480 5100

1219 1319 12)3 1333 4 70.5• 
- 70.8 480 5070

12 50 1350 1305 1405 5 71.3 - 72.0 480 5100

.
~~•. C.401 5 Dec 1040 1140 1227 1337 2.3 72.5 70.4 70.1 390 5190

1233 1333 1428 1528 4,5 70.9 - 78.2 420 5190

C.402 6 Dec 120 1 130 1 1318 1418 2.3 70.6 - 72.9 390 3900

1324 1424 1445 1545 4.5 73.2 - 79.9 420 3840

— - 
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Table 7.3. flight Data Summa ry for OPAQUE III (AFCL-TR-78-0168)

Total Time of Data Taking
Sun Zenith Angle flight Altitude

Right Date Start End Alter (degrees) meters (AOL)
No. (1977) — — -— — — _______ — — —

_______ 

GMT LCI GMT La Start Transit End Mm Max

C-410 4 iu1 11 19 1219 1249 1349 2,3 27.2 25.2 26.3 ISO 3180
1255 1355 1432 1532 4.5 26.6 - 37.8 120 3180

C-41 I 6 Jul 0902 1002 0959 1059 2,3 45.1 - 36.4 ISO 2875
1003 1 103 1 11 3 12 13 4,5 35.9 - 27.8 120 2850

C-4l2 7 Jul 0845 0945 1036 1136 2.3 48.0 . 3 1.7 180 5640
1043 1143 1233 1333 4.5 31.0 25.4 25.8 150 5640

C-413 27 Jul 1441 154 1 1455 1555 3 5 1. 7 - 53.7 120 5670
145$ 1558 1517 16 17 4 54.0 - 56.8 120 5580
1525 1625 1540 1640 5 57.7 - 59.9 120 5700
1543 1643 1603 1 703 2 60.2 . 63.3 120 5340

C-414 28Jul 0939 1039 111 0 12 10 2 40.7 - 34.3 120 3000
0940 1040 1059 1159 3 40.5 - 34.6 60 3030
0942 1042 103 2 1132 4 40.4 - 36.0 930 3000
0943 1043 1136 1236 5 40.2 - 33.9 30 3030

C-415 29 Jul 1027 1127 1123 1223 4,5 36.8 - 34.4 90 870

1126 1226 1207 1307 2.3 34.4 34.3 34.9 60 870

C-416 I Aug 1124 1224 13 12 14 12 2.3 36. 7 36. 7 42.4 120 4590

1319 1419 1450 1550 4.5 43.0 - 53.9 ISO 4620

C-418 4 Aug 0847 0947 0905 1005 2 48.3 - 45.9 150 4530

0910 1010 0930 1030 4 45.4 - 43.1 90 4590
0930 1Q30 0949 1049 3 43.1 41 .1 210 4620
0953 1053 1008 1 10$ 5 40.8 - 39.4 240 4560

C-419 4 AUG 1 436 1 536 I SIS 1618 2.3 50.1 - 56.0 120 750
1524 1624 1608 170$ 4 5 568 634 120 750

C-420 ~y~ij c, 0840 0940 0957 1057 2 3 496 407 90 3060
1002 1102 I I l 9  12 19 4.5 40.4 - 36.2 60 3060

C.421 IO Aug 1012 111 2 1210 1310 2.3 41.4 39.2 40.4 120 5850
1218 1318 1412 15 12 4.5 40.7 - 51.3 120 5850

C-422 II Aug 0953 1053 1040 1140 2.3 42.9 - 40.2 120 1560

_ _ _  _ _  
1144 1120 U20 4 5  4(fl 39.5 395 ~ 0 ~ 60

7..

~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
~~IT~ -i -

~~~~

- 
- -

~~~~ ~~

- - - 
~

-
~~
- 

•- - -

~~ ~~~~~~~~~~~~~~~~~~~~~



F - — - 
~~~~~~~~~ 

- - 
~~~~~~~ ‘~~r .  k ’ W~~~.. ~~~~~~~~~~~~ ~~. - —.. .—.—~ ---——. -—-.-.• .— , . . .—_ - _______________________

MET EOROLOGICAL DATA

Measurements of temperature, and relative humidity computed from measured temperature and
dewpoint temperature are presented in graphical form as shown in Fig. 7-1 for each of the flights in the
OPAQUE reports. The flight selected for illustration is Flight C-4l6 flown during OPAQUE 111 on I
August 1977 over the Rodby, Denmark flight track. The weather conditions are typical of the
OPAQUE flights being mostly scattered to broken clouds duri ng the flight.

The temp eratures we re measured continuousl y by an AN/AM Q-17 aerograph system described
briefly in AFCRL-70-0137, Duntley , es aL (1970). The dewpoint/frostpoint temperatures were meas-
ured using a Cambridge 137-C3 Aircraft Hygrometer System which is described briefly in
AFCRL -72-0593 , Dunt ley. et a!. (1972c). The profile identification symbols used in Fig. 7-1 are
related to the spectral filter sequence during which the data were measured ; i.e., the temp erature profile
identified with the Filter 2 symbol was taken durin g the same time interval as the Filter 2 radiometric
measurements; the temp eratures coded as Filter 3 we re taken simultaneously with the Filter 3
radiometric measurements , etc.

Radiosonde observations (RAOB) were available from European reporting sites in the vicinity of
each of the flight tracks. The RAOB tem peratures , and relative humidity computed from RAOB tem-
perature and dewpoint depression measurements are shown superimposed upon the flight data illus-
trated in Fig. 7-1. The RAOB station was 103Km West of the center of the flight t rack for Flight C-416
and the observations were for 1200 GMT.

Additional meteorologica l information related to each OPAQUE fli ght is obtained from northern
hemisphere surface charts for 0000 GMT and 1200 GMT and 500-mil libar charts for 1200 GMT
prepared by the National (

~ eanographic and Atmospheric Administration. A portion of the 1200 GMT
surface charts for Flight C-416 has also been reproduced in Fig. 7-1.

Daily fli ght descriptions appear in the OPAQUE reports which include a discussion of the weather
characteristics and a summa ry of the synoptic si t uation at the surface and 500-mil libar levels during
each of the flights. A tabular summa ry of the daily meteorological observations taken at weather sta-
tions nearest the flight track is normally included as are observations by an on-board meteorologist con-
ceming the cloud and haze conditions , shado~~, ~sibil ity of the solar disc , and slant path vialbilities
from various altitudes.

- ~~. 
RADI OM ETR IC DATA

In a manner similar to the presentation of the sample meteorological data, the radiometric data
from Right C-416 have also been abstracted from the parent report, and reproduced herein.

The flight data for each reported flight is preceded by a flight description summary sheet illus-
trated by Fig. 7-2. Following the flig ht description, the radiometric data are illustrated graphically as
shown in Fig. 7-3.
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Fig. 7-I. Meteorological Dais Graphs, flight C-4I6. 1 August 1977 during OPAQUE III (AFGL -TR-7 8-0168).
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FLIGHT C-416 - I AUGUST 1977 - DESCRIPTION OF FLIGHT & WEATHER CHARACTERISTICS

Data Interval Solar Zenith Angie
Maximum Average

Filler Initial Solar Final flight Terrain
Ident Start End Elapsed ST&LV Transit V-PRO Alt itude Fievationn

— 
(GMT) (GMT) (his ) (degrees ) (de$re~s) (degrees ) (m) (m)

2&3 1124 131 1 1.8 36.7 36.7 42.4 4590 0
4&5 13 19 1450 i c  43.0 - 53.9 4620 0

flight C-416 was an afternoon flight , after local apparent noon. There were partly cloudy skies
throughout the flight with scattered low altitude cumulus and scattered cirrus above the highest flight
altitude.

The approximate southeast to northwest Rodby track was located south of Lolland Island ,
Denmark. Typical terrain features along the nearby coast to the north of the track were flat cul tiva ted
farmlands interspersed with occasional woods and small towns. Directly beneath the track and to the
south were the relatively shallow waters of Femer Bay.

The in-flight observer noted cumulus building up over the land and blowing off with bases
5110 meters (1700 feet) tops 1560 meters (5200 feet) and thin scattered to broken cirrus.
There were multiple layers of light to moderate haze. The slant visibility varied from a
low of iS miles at 1500 meters (5000 fees) to a high of 30 miles at 3000 meters (10.000
feet).

Fehmarnbelt , 9 kilometers south of the trac k center point , report ed 1/8 cumulus at 450
meters ( l ~O0 feet). 2/8 to 3/8 altostratus at 3600 meters (12,000 feet) and 3/8 to 6/8
cirrus at 6000 meters (20,000 feet). The layer of broken cirrus was thin and did not con-
stitute a ceiling. Visibility was reported as 20.0 kilometers.

• 

. 
Kegnaes. 76 kilometers westnorthwest of the track center point, reported clear skies in
early morning with 2/8 to 4/8 cirrus at 6000 meters (20 .000 feet) afternoon. Visibility
was recorded as 15.0 to 20.0 kilometers.

The radiosonde station at Schleswig was 103 kilometers west of the flight track center and
:~~

- - — .  located in an airflow that was parallel with the track.

The surface chart showed a dissipating cold front that extended through central Yugoslavia , north
- ~~~~ . - central Italy, then northwest into central Belgium and the North Sea. Ridging from the Atlantic High

reached into Scandanivia with a closed 1025 millibar high in southwestern Britain. At 500 millibars
there was a low system in southeastern Germany that extended over the flight track. In addition, there
was a ridge from Spain to Britain. The flow was northeasterly and t ie air mass was unstable maritime
polar.

~~ 
Fig. 7-2. Fbght Description Summary Sheet, fligh t C-416.
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Fig. 7-3. Radiometric Data Graphs, Right C-416, I August 1977 during OPAQUE Ill (AFGL-TR-78-016S).
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The format explanations related to these data plots is repeated below for the convenience of those

not familiar with the original report.

Total Volume Scattering Coefficient. The total volume scattering coefficient s (z)  in m~ is graphed
using a single average value for each 30-meter altitude interval. Identifying symbols for the spectral
filters appear every fifth data point, or at 150-meter intervals. The extrap olated values are indicated by

a dashed line.

Equivalent Attenuation Length. The equivalent attenuation length L (z)  in meters, for the path
between ground and altitude, is graphed for each 30-meter altitude interval. Spectral identifying sym-
bols appear at 150-meter intervals or every fifth data point.

Vertical Beam Transmittance Between Ground and Altitude. The vertical beam transmittance
T,(0,0°) or T,(z , 1800) between ground and altitude is graphed for each 30-meter altitude interval.
Spectral identifying symbols appear at 150-meter intervals or every fifth data point.

Downwelling Irradiance. The downwe ll ing irradiance H(z.d) is graphed as a function of altitude
above ground level (AGL). These irradiances were measured by the dual irradiometer concurrently
with the total volume scattering coefficient measurements. The downwelling irradiance during the
ascent or descent is graphed using a single average value for each 30-meter altitude interval and the
identifying symbol for the spectral filter appears every fifth data point; thus when data are continuous,
the symbols appear at 150-meter intervals . The second symbol for each filter designates the average
value measured during each three-minute straight and level flight element.

The tabular data which duplicates the information contained in these graphical representat~ons,
and is part of the dis play provided in each of the original OPAQUE data reports, is not reproduced as
part of this sample. it is however readily available to all interested users.

7.2. HAVENV IEW H DATA BASE

Field data from earlier deployments which are similar in nature to the OPAQUE data, are refer-
enced in two preceding reports, Duntley, et a!. (1972a and 1976). These earlier data sets, while not
taken in conjunction with the currently operating OPAQUE ground sites, were none the less supple-
mented with ground based measurements made by Visibility Laboratory personnel as well as several

cooperating German research groups. e.g. . Btichtemann and HOhn (1970). and thus are considered rea-
— sonable supplements w the overall OPAQUE effort.

The HAVENVIEW II data , Dunt ley, et aL (1976) was originally reported in the style currently
- 

- 
contemplated for later use with the OPAQUE flight data. That is, the report contained compu ed

• 3.~•. values for the more directional optical properties, directional path reflectance, R (z. 8. ~
) , path radiance,

N, (z, 9 ,~ ) ,  etc., in addition to the scattering coefficient profiles. In order to acquaint potential data
users with this more complete reporting style, the data for flight C-289 have been abstracted from the
parent report and are reproduced in the following paragraphs.

7.9
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The flight data summary tables which define the data flights included in each of the two previously
published HAVENVIEW reports have been abstracted and reproduced herein as Tables 7.4 and 7.5.
The table entries are equivalent to those currently in use, however Table 7.4 does not list the applicable
optical filters, which are described in the parent report. The early HAVEN VIEW I optical filters were
the same or similar to those currently used during program OPAQUE.

TakI, 7.4. Eh$)it L)eta Summary b e  HAVENVI~W I Report (AFC RL .72-0255)

Total Time o( Dsta-Talung Sun Zenith Angle •
flight Date — ——--————-— Sky Near

Start . • Matimum Flight
Numbet (970 — Sun Sian Transit End

CMI 1(1 GMT ICr 
_____ ______

C-134 25 May 1501 (1601) 164 1 ( 174 1) Cloud 506 . 6 1 7  2460
C•I37 2$ May 141$ ( 151 $ )  1543 (1643) Clear 44$ • 5 5 5  2490
C•13 1 29 May 0129 (0929) 1039 111 39) Clear 426 . 29 7 4920
C-1 3 9 OJ June 1247 (5347) 15 11 ( 1611 ) Cloud 3 5 3  • 44$ 4*30
(‘.142 06 June 0025 (0925) 1045 U 145) (‘lear 4 2 7  - 302 4950

~Jj3 06 June ~*06 U 506) ~~2$ tL~~’ 
Cloud 4 1 8  519 4910

Till. 7.5. flight Data Summary bran, HAVENVWW II Report (A R L-TR~76-0l$$l

Total Time o( Data-Taking Sun Zcn,th Anjle (degeecs) Matimum

flight Date — — ——-H — — Muimum Seecor or

Stan End Filter fligh t OFi1orl

No (1973) — — —-——— — Altit ude Ahttu.Im

CMI LCT CMI ICT Start Average (meter, AOL ) (meter. AOL )

(‘-273 16 May 75$ 85$ $33 944 4.5 5 2 5  . 4*4 503 $40 1050

$44 944 922 1022 2. 3 459 - 423  44 I 1020 1050

(‘.279 3 June 1101 1 201 1120 1220 2 309 - 307 30$ 111 6 300

1140 5 240 1152 5252 3 30 $ . II I 309 1110 1 200

(-210 4 June 1616 1716 162$ 172 $ 4* 61 7 • 633 62 5 750 750

173$ $36 744 $44 41 7 3 6  - 746 341 673 750

(‘211 5 ~~~~ $55 955 923 1023 4. 5 41 9 - 193 406

(‘212 5 June 161$ I ’ll (629 1729 4* 61.1 . 634 626 610 (.00

1 705 1 105 1716 1116 45 4*1 . 70)  496 61) 600

(-24* l3J un. 1150 12 50 115$ 125$ 4 301 • 303 302 900

•~ ~~ 
1211 13 11  1219 13 19 309 . 31 3 3 1 3  110

1234 3)4 1 243 1343 2 32.3 • 32.9 32.6 ItO

(255 lISS 130$ 5 404 3 340 . 34.7 34.4

(:34* 4 June ‘345 ( 745 115$ 1351 2 3 3 1  . 34.1 336  1200 1200 —
- 

- . — . 1)1 4 14 14 (325 1425 3 35$ • 369 36.4 1200 1100

134 1 144 1 1)54 (4 54 4 3$9 . 404 )9 (i 200 1200

1405 1505 1419 1519 5 4 19 . 436 42 7 1211 200
4:

~T 7-10

‘. -•-~•t

-~~~ :v

~~~~~~~~~~ ~1*
_

~ $.
e~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— — — —~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - — ----- —.,— .~ 
——- -.•———-—,.•- ,•.-—---• ..—....•—_‘..‘.-.- - _— -.— .,.-—. .‘—.—. •—-—.-.

- - —~~~~~~~~~~~ ----— - . - • .

METEOROLOGICAL DATA

The presentation of meteorological data for HAVENVIEW H was similar to but not as complete
as the presentation for the more recent OPAQUE data. A gra ph of airborne temperatures measured
with the AMQ-17 was given for each flight, with RAOB temperatures from the closest station to the
track superimposed on the graph. However, airborne measurements of dewpoint temperature were not
available for the HAVENVIEW II vertical flight profiles, therefore there was no graph of computed
relative humidity. Meteorological data for Right C:289 are reproduced in Fig. 7-4.

~~~~~ F ILT ER t;ç7%t
\ \.\,\,V ~~~~~

/ 1’

d 10 10 20 9° 14 JUNE 1975
TEMPERnTURE (DEC Cl 1200 GUT

Fig. 7-4. Me’c~’roIogical Data Graphs, flight C.289. 14 June 1975,
dunng HAVENVIEW II. (AFGL-TR-76-0188).

flight C-289 was a low altitude flight under a broken layer of clouds , typical of those flights
• reported for HAVENV1EW II , in that all were made under relatively cloudy conditions. The flight

description summa ry sheet for C-289, similar to those for each HAVENVIEW flight included in the
parent report, is reproduced as Fig. 7-5. The comments included on this sheet were derived from
northern hemisphere charts, on-board crew observations, etc., in a manner similar to that employed for

- 
- • the OPAQUE summaries.

RADIOMETRIC DATA

The radiometnc data reported for the HAVENVIEW II flights was more extensive than that
reported thus far for the OPAQUE missions. The inclusion of path radiance and directional path
reflectance values for both upward and downward inclined paths of sight required significantly longer
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FLIGHT C-289 - 14 June 1973 - DESCRIPTION OF FLIGHT
& WEATHER CHARACTERISTICS

It was a sunlit afternoon with a broken layer of clouds. The flight was conducted over low lying
flat terrain consisting mainly of cultivated farmlands interspersed with dark patches of dense woods.
The data-taking commenced at 1245 GMT and continued until 1419 GMT. the sun zenith angle during
sky radiance data-taking was 33.1 degrees at the beginning and 43.6 degrees at the end. The maximum
flight altitude was 1211 meters. The average elevation of the terrain was 20 meters.

The ground Station was not in operation on this date.

The radiosonde station at Meppen reported 0.9 cumulus at 1000 to 1499 meters and 0.! cirrus at
1300 GMT.

_____ 
FLIGHT LOG ENTRY

Time Elevalion -Alrcrew Observat ions
(GMT) (meters AGI) 

________________

Special descents under
the cloud deck , broken to
overca st.

1235 Ligh t haze. scsfflered to
broken deck above.

.1

1246 1050 Broken to overcast
above. apswoaimaiely 6
to 8 miles ( 10 to 13
k,lome ers) visib.Jity.

1355 300 West end begins to go
attered -

Note: flight elevalions in approsimale Feel MSL have
been converted to appros imate meters AGI

The surface charts show that a high centered south of Ireland moved eastward to near The Hague
by 1800 GMT. A ridge was building over France and Germany. With increasing flow from the
northwest at all levels, moisture was brought in from the North Sea and cloudiness increased
throughout the day.

At 500 millibars there was a ridge of high from the Iberian Peninsula across France to Poland and
eastern Russia. The flow over northwest Germany was st rong northwesterly.

These data were taken from the 6-hourly chart analyzed by the National Meteorological Center
and obtained from the National Climatic Center in Asheville. The 500..millibsr charts are for 0000
GMT and 1200 GMT daily.

Fig. 7- 5. flight Description Summary Sheet. Flight C-259 .
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processing and editing times than for the simpler reporting format used for the OPAQUE flights . The
computations for these more directional quantities required data not only from the integrating

• nephelometer , but also from the upper and lower hemisphere scanners. The derivation of the direc-
tional optical properties is accomplished using the procedures outlined in both upper and lower
branches of Fig. S-I , and the equations in Section 2.1 of the parent report, Duntley, et a!. (1976).

In a manner similar to the presentation of the sample meteorological data, the radiometric data for
Flight C-289 have also been abstracted from the parent report , and are reproduced herein as Figs. 7-6,
7-7, and 7-8.

The format explanations for total volume scattering coefficient, equivalent attenuation length, and
vertical beam transmittance can be reviewed in Section 7.1.

The format explanations related to these data plots which are different from those contained in
Section 7.1 are repeated below for the convenience of those not familiar with the original report .

Downwelling Irr adiance. The downwelling irradiance H (z,d) is graphed as a function of altitude
above ground level (AOL). These irradiances are com puted from the sky measurements and the sun
irradiance at each of the flight profile level altitudes.

Path Radiance Between Ground and Altitude. The path radiance N,~(z .9 , ~ is graphed for upward
and downward-looking paths between ground and the altitude shown in Fig. 7-7. Each graph is for one
path of sight for the four optical filters. The first graph is for the vertical upward path of sight, the
second and third are for zenith angles 80 and 100 degrees, in the azimuth of the sun , and the fourth is
for the vertical downward path of sight. These are data selected from the path radiance cables in Sec-
tion 7.3 of Duntley , et aL (1976).

Directional Path Ref lectance Between Ground and Altitude. The directional path reflectance

* 
R,’(z.&#) is also graphed for upward and downward-looking paths between ground and the altitude
shown in Fig. 7-8. Each graph is for one path of sight and four optical filters. The first graph is for the
vertical upward path of sight; the second and third are for zenith angles 80 and 100 degrees, in the
azimuth of the sun , and the fou rth is for the vertically downward path of sight. These selected paths of
sight are the same as for the path radiance graphs. The data were selected from the many paths of sight
tabulated in the directional path reflectance tables in Section 7.3 of Duntley , et aL (1976).

In the HAVENV1EW II report data on total volume scattering coefficient, irradiance, directional
reflectance (sky or terrain), and equivalent attenuation length are also presented in tabular form. In
addition, beam transmittance, path radiance and path reflectance are presented tabularly for seven paths
of sight inclined at zenith angles 0°, 75°, 80°, 85°, 95°, 1000, and 180° at four azimuths with respect to
the sun , 0°, 90°, 180°, and 270° for five path lengths between ground and altitude. This tabular data
which duplicates and extends the information contained in the graphical representations is not’
reproduced as part of this sample. It is, as in the case of the OPAQUE tabular data, readily available to
all interested users 
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Fig. 7-6. Radiometric Data Gra phs for Right C-289. 14 June 1973, during HAVENVIEW II (AFGL-TR-76-O I SS).
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7.3. TYPICAL DATA COMPARISONS AND ANALYSIS 

/ 
-

/
Portions of the data collected by the Geophysics and Visibility Laboratories during this contract

interval have been reported previously as noted in the preceding seçtlóns. These data include flight
data from the first three OPAQUE deploymer,~s, and a related sup~Ie~ient , flight data from two preced-
ing HAV EN VIEW deployments. 

- -

• /

In order to present a quick overview of these data,/ portions of the original HAVENVIEW and
OPAQUE data reports have been reprod uced and pre,ei*Ited herein with additional, but typical descrip-
tive and analytic comment. For this summary presenítation, the data have been grouped into composite
sets c~..vering all deployments to date. An individ(ial comparison is made for each of several classes of
data normally included in an OPAQUE data~ report. i.e. temperature, downwelling irradiance, and
volume scattering coefficient profiles. A short summary of the cloud conditions encountered during
these deployments is provided as a guide to the general weather environment.

METEOROLOG ICAL DATA

The meteorological data reported for the OPAQUE deployments were more complete than for the
two 1-IAVENVIEW deployments. Climate maps and RAOB temperatures were not included in the
HAVENVIEW I report, nor was there a detailed table of the description of cloud cover based upon the
in-flight hemispherical pictures and observations by the on-board meteorologist. Airborne measure-
ments of dewpoint-frostpoint temperature and hence computed relative humidities were unavailable for
both HAVENVIEW deployments. The nearby weather station data tables were reported for
HAVENVIEW I but not available for HAVENVIEW II. In-flight temperature measurements were
reported for all flights, HAVEN VIEW and OPAQUE.

Cloud Conditions. The upper hemisphere cloud conditions during the data-taking portion of the
flights are summarized in Table 7.6. The flights are grouped into five categories as follows: 1, clear
during the entire flight; II, clear during a portion of the flight; III . scattered and/or broken clouds dur-
ing the entire flight; IV . broken clouds varying with overcast during the flight; and V , overcast during

* 
the entire flight. The reported flights from the OPAQUE and HAVENVIEW deployments are grouped
into these cloud categories in Table 7.6. The cloud desc riptions upon which Table 7.6 is based are
derived from the in-flight upper hemispherical pictures during the straight and level elements of the
flight unless only vertical profile flight elements were flown . The picture descriptions in most cases are
augmented by the descri ptions reported by the meteorologi st on-board the aircraft. Some of the flights
have different cloud categories for various portions of the flight. In these cases the cloud category is
noted for each filter.

The total number of flights unde r each cloud category is noted in the last row on Table 7.6. The
4 - 

- 
- bulk of the flights, 36 out of 45, are cloudy during the entire flight , that is, in cloud Categories Ill

through V. This underscores the need for having adequate methods of obtaining path reflectance under
- - . cloudy day cond itions.

Temperan~’e. Temperature is generally a function of latitude and season with an expected diurnal
and weather variability during any one season at a given latitude. The temperatures measured during
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each flight during the radiometric data-taking for each filter have been averaged by altitude for the
entire flight and graphed in one or more summary graphs for each deployment. These measured
in-flight temperatures can be profitably compared to temperatures from the U.S. Standard Atmosphere
Supplements (1966). The supplements provide temperatures for July and January for the two bracket-
ing latitudes 45°N and 60°N as well as Spring , Fall temp erature for 45°N.

Talk 7.~. Reported European Data flights Summarized by Cloud Category
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.... • - The temp eratures for the Spring deployments are depicted in Fig. 7-9. The 45°N Spring/Fall
temperature from the Supplements is depicted on each graph as well as two other curves to indicate
expected latitudinal and/or seasonal differences. The HAVENVIEW I flights were at 48°N, very close
in latitude to the latitude 45°N for the standard curves. The HAVENVIEW I temperatures cluster

- 
‘
~~~I~~~ about the Spring/Fall curve and are bracketed by the July and January curves for 45°N. The HAVEN-

VIEW II flights are all at low altitude so they are plotted on a different scale. The HAVENVIEW II
- flights were further North, at 53°, so HAVENVIEW II temperatures are generally equal or lower than

; the 45°N Spring/Fall as would be expected 8° fu rther north. The OPAQUE I fli ghts were for latitudes .
- between 50°56’N and 53°N as indicated in the legend. The OPAQUE I temperatures are roughly equal

to or lower than the 45°N Spring/Fall temperature curve, as expected.
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The temperatures for the Fall and Summer deployments, OPAQUE 11 and III , are depicted in Fig.
7-10. The 45°N Spring/Fall temperature curve is depicted again on the Fall deployment graphs of
OPAQUE 11. Comparison to this Spring/Fall curve serves to elucidate differences in temperature level
and lapse rate from graph to graph and between individual flights. The OPAQUE H flights at 48°N
(C-398 through C-402 at Bruz) are lower in temperature than the Spring flights at 48°N during
HAVENVIEW I. The two flights during OPAQUE H with the highest temperatures were at 54°4 1’N at
Rodby, C-390 and C-391. Both these flights also have strong temp erature inversions at low altitude.

The OPAQUE III tem peratures , in the lower half of Fig. 7-10, are compared to the standard
curves for 450 and 60°N July. The temperatures at 48°N are slightly higher than the ones further north
during this deployment. The temperatures for most of the flights in the 52°53’N to 54°41’N range of
latitudes cluster about the 60°N July curve except for flights C-413 at Rodby and C-414 at Ahlhorn
which have lower temperatures than all the rest of the OPAQUE III flights.

RADIOMETR IC DATA

Total Volume Scattering Coefficient. The data reported for the total volume scattering coefficient
were measured during the vertical profile flight elements and averaged for each 30 meter altitude incre-
ment . To more easily compare the scattering characteristics of the flights, the Filter 4 (pseudo-
photopic ) total volume scattering coefficient profiles for each flight have been graphed in one or more
summary graphs for each deployment . These graphs are presented in Figs. 7-11 and 7-12.

The total volume scattering coefficient graphs for the Spring deployments are depicted in Fig.
7-11 . Note the changes in scale between the three graphs. HAVENVIEW 1 and Ii data are on a two
log scale with limits of IE-5 to lE-3 whereas the OPAQUE I data are on a three log scale with limits of
I E-5 to I E-2. Also the HAVENVIEW II data are on a different altitude scale since those flights were
all at low altitude. These differences in scale make it inconvenient to make direct visual comparisons,
however data trends are readily discernible.

The HAVEN VIEW I data all indicate a heavy primary haze layer at low altitude and clear above 2

* 
km. All the HAVENVIEW II flights were under a cloud layer at low altitude and the scattering data
indicate less haze (clearer ) than the HAVENVIEW II data at comp arable altitudes. The OPAQUE I
total volume scattering coefficient profiles are more complicated and show a wider range of values than
either HAVENVIEW I or II. The OPAQUE I data show more than one haze layer . sometimes at high
altitude. The OPAQUE I low altitude data (within the primary haze layer) range both hazier and
clearer than the HAVENVIEW I data , but no flight is as clear at low altitude as some of the HAVEN-
VIEW II flights. The high altitude data indicate mostly clear above 3 kilometers, with air clarity com-
parable to or greater than HAVENV IEW II at high altitude.

The total volume scatterin g coefficient graphs for the Flill and Summer deployments are depicted
in Fig. 7-12. Again note the changes in scattering coefficient scale which complicate the visual compari-
sons. All the graphs in Figs. 7-11 and 7-12 were available in the data reports. For easier inter-
comparison between all the OPAQUE deployments I through V, all the data will soon be regraphed on
a common scale even thou gh that scale might not be optimum for each individual deployment or group

-

~~~~~ 

- - ‘ of flights.
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The OPAQUE II Fall flights have profiles that are generally less complicated than the OPAQUE I
profiles. The high altitude clear layer generally extends lower, including the 1.5 to 3 km altitudes in the
high altitude regime. Mao, except for a few high altitude haze or cloud layers, most of the profiles for
OP AQUE II show only one low altitude primary haze layer.

The OPAQUE III Summer flights are generally both less clear at high altitude and hazier at low - -
altitude than OPAQUE II with some of the haze layers extending up to 3 km as in OPAQUE I.

irradiance. Downwelling irradiance was measured by the dual irradiometer during the vertical
profile elements of each flight concurrently with the total volume scattering coefficient data. The orien-
tation of the dual irradiometer was roughly +3½ degrees from hori zontal during ascent and -3½
degrees during descent. The Filter 4 (pseudo-photopic) data were generally measured during an ascent.

Downwelling irradiance for the Filter 4 (pseudo-photopic) has been graphed in one or more sum-
mary graphs for each of the first three OPAQUE deployments in Figs. 7-13 and 7-14. The irradiances
were averaged for each 30 meter altitude increment. The level of irradiance is a function of sun zenith
angle and cloud cover , therefore the cloud cover for each flight is noted in the legend and the zenith
angle range of the flights indicated for each graph . The variability of irradiance with altitude is pri-
marily a function of amount and thickness of cloud cover and the variabilit y of sun occultation by the
clouds.
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The sun zenith angles durin g OPAQUE I (April-May or Spring) are roug hly comparable to the
sun angles during OPAQUE lii (July-August or Summer ) since both are near the Summer solstice in
date. The generally high level of downw ell ing irradiance during these f~ghts, near I E3, regardless of
cloud cover , is largely a function of the sun zenith angles, since the flights tended to be near noon.
Flight C-382 is the exception, showing the effects of low altitude clouds and deteriorating weather. - —

The sun zenith angles duri ng OPAQUE Ii (October-November-December , Fall) are larger since it
was after the Fall equinox. Flights C-390 and C-395 were both late in the day at large sun zenith
angles, ~~~~~~~~~~ C-390 and 6,—78-’86 °for C-395, all other OPAQUE II flights had finished by
the time the sun reached 800. The large shift in irradiance at 3 kilometers on Flight C-390 occurred
because of the time lapse during the intervening straight and level flight element. The low altitude data
were during a sun zenith angle of about 82 degrees whereas when the high altitude portion of the
ascent began, the sun had dropped to an 88 degree zenith angle.

A more thoroug h analysis of these summarized data in conjunction with their counterpart data
from OPAQUE IV and OPAQUE V is anticipated within the near future . At that time the complete
four season documentation will be available for both climatological study , and an analysis of the varia-
tion between optical and meteorolo gical properties as a function of the widel y diverse weather condi-
tions encountered during this extensive measureme nt program.

7.4. NUMERICAL EXAMPLES

Typical applications in which data generated during this contract interval might be utilized are
illustrated in the following examples, which have been abstracted from Dunt ley. et cii. (1976). For
further explanation or defin ition of the terms and vocabulary used in the examples , one is referred to
Appendix A and/or Appendix B.

The OPAQUE reports , Dunt ley, es aL (1977. l978a and l978b) contain only scattering coefficient
and irradiance profiles. These data are appropriate for use in calculations illustrated by examples A and
B.

The more complete set of optical atmosphe ric properties contained in the HAVENVIEW II report,
Duntley. ci aL (1976) are appropriate for use in all of the examples A throug h N.

It is apparent that full utilization of the OPAQUE data base must await the complete processing,
referred to in previous sections. which will result in OPAQUE data bases equivalent to the
HAVENVIEW II base. This continued processing effort is planned to begin during 1979.

EQUI VALENT A11’ENUATION LENGTH AND BEAM TRANSMIUANCE EXAMPLES

The equivalent attenuation length table in Dunt ley. ci aL (1976), can easily be used in Eq.
(A .l6) to obtain beam transmittance for intermediate object altitudes and zenit h angles for the upward

— path of sight and for intermediate sensor altitudes and zenith angles for the downward path of sight.
Thus, beam transmittance can be readily computed for more paths of sigh t than the seven zenith angles

‘
~ - 

tabularly presented and for more path lengths than the five tabularl y presented.

726

~~~~ ~L ~~ 
& 44 -p~



— ;~~~~~~~ .. ——— - —-—-,- —.— - -_ —w- --- --— ~~‘‘~~ -~~~~~~~ - — $---.---__..--- -- — - ———w c~ ~~~~~~~~~~~~~~~ - ~_, -. — -,

A. For an upward path of sight at 60-degree zenith angle, with an object altitude z, at 1080
meters Eq. (A.16) would be written

T21~ (0.60~ — exp 
f t  

— 1080m/E(lOSO) I sec 600} .

Using the equivalent attenuation length converted to meters for Flight C-289 Filter 4 from
Section 7.3 in Duntley , et a!. (1976), Eq. (A.16) becomes

T21~ (0 .60 ’) — ex~ f 
I — 1080m/14000 m 1 2  — 0.857 .

B. For a downward path of sig ht at a zenith angle of 135 degrees from a sensor altitude of 750
meters, Eq. (A .l6) would become

TlobI(7SO. l35~ 
— exp f I— 750m/ L (750) I I s ec l3 Sl j .

Again using the values from Right C-289 Alter 4, Eq. (A .16) becomes

T1~~1(7S0 , l35~ — exp — 750m/ 13300 m l.4 I4 1_ 0.923

-

, 

SKY REFLECTANCE , INHERENT CONTRAST AND INHERENT RADIANCE EXAMPLES

The effective sky reflectance tables in Duntley , ci a!. (1976) can be used with Eq. (A .8) to obtain
inherent contrast of non-self-radiant objects against the sky background.

C. For an upward path of sight at 0 degree zenith angle , with an object at 1200 meters the
maximum object altitude for Flight C-289, Eq. (A .8) would be written.

C0(l200,0°0~ — (,R0(1200 0°0~ /~R0(1200 ~~~~~~~~~~ — l

• Let us use an aircraft as an object. Lacking a direct measure of the reflectance of
unpainted aluminum under the appropriate lighting conditions, we will assume a reflectance

of 0.4 for this Alter 4 example. Note that the upwel ling irradiance, H (z,,u) ,  which is rela-
tively diffuse, is used in determining the object reflectance for all upward paths of sight

‘1
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regardless of the object surface orientation. Using the effective sky reflectance from Flight
C-289 Filter 4, Eq. (A.8) becomes

C0(1200,0°~0~ — (0.4/5.271 — I — —0.924 .

D. The inherent radiance of the aluminum would be found by using Eq. (7.1) from Duntley,
et a!. (1976),as follows,

,N0(I 200.0°~0~ — ,R0(1200,O°,0~ 11(1200,.,) .

Using the upwelling irradiance at 1200 meters H(1200.u) for Flight C-289 from the Alter
4 table at the top of the page of reflectance, Section 7.3, Duniley, ci a!. (1976), and the
aluminum reflectance assumed above, Eq. (7. 1) becomes

,N0 (l200 . 0°. 0~ — 0.4 (97.1 w/m2
~m) — 12.4 w/flm2

~tsm .

TERRAIN REFLECTANCE, INHERENT CONTRAST AND INHERENT
RADIANCE EXAMPLES

The terrain reflec tance tables in Duntley, ci aL (1976) can be used with Eq. (A.8) to obtain the
inherent contrast of non-self-radiant objects against the terrain background.

E For the downward path of sig ht let us assume a nadir path of sig ht at 180 degrees zenith
angle Eq (A 8) would be wr itten , thus

C0(0, 180 °,0~ — (,R0(0,180°.0~ /~R(0,I80°,O~ 1 — 1

Let us compute the inherent contrast for Filter 4 of a hard packed yeilowish dirt road for
Flight C-289. For the surrounding fields, let us assume the reflectance equal to that of a
lush meadow in autumn , 0.071 (Gordon and Church (1966) p. 796). The reflectance of
dirt, hard-packed and yellowish from Gordon (1964) p. 559 is 0.243. Thus, Eq. (A.$)

k COmeS
- -

-.
~r C,(0, 180°.0~ — 10.243/0.0711 —1 — 2.42 .

~~

-
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F. The inherent radiance of the road would be found by using Eq. (7.3) from Duntley, ci aL
(1976) which is

N0(0,04) — ~~~~ R0(0,94) H(0,d) . (7.1)

Thus the inherent radiance of the road for the nadir path of sig ht is

,N0(0. i~o°,o~, — 1 ,R0(0. 180~,0, H(0,d).

Using the downwelling irradiance for Filter 4 for Flight C-289 from the irradiance table at
the top of the reflectance page in Section 7.3 of Duntley, ci a!. (1976) , with the dirt
reflectance from above , Eq. (7.1) becomes

,N0(0. 180~~~ 0~~~~
— .

~- 0.243 (1I 80 w/m2
~&mI — 9I.3 w/flm~s m .

PATH RADI ANCE AND APPARENT R ADIANCE , UPWA RD PATH EXAMPLE

The path radiance tables can be used with Eq. (7.2) Duntley , ci a!. (1976) to obtai n the apparent
radiance at ground level of an object or background at altitude ,

N,(0,O,~i) — N0(z,.8,#) T,(0,8) + N,(0.O,~ ) .  (7.2)

G For an upward path of sight at 0 degrees zenith angle , w ith the object at 1200 meters, Eq
(7.2) would be written

~
;_ 

~~~~
-

N1~~(0,0°~0~ — N0(1200.0°,0’~ T1~~(0.0~ + N~~~(0.0°,0~~.

~~~~~
‘ -

~ 
The appropriate transmittance and path radiance for the above equation are listed under
1200 meters, the object altitude in the tables for flight C-289 in Section 7.3 Duntley, ci a!.
(1976). Using the aircraft as the object , the inherent radiance as computed earlier for

- 
~~~~~~~~~ 

Flight C-289 Filter 4 is 1.24E1. Then, using appropriate values from Flight C-289, Eq.
(7.2) becomes

— 12.4 (0.918) + 22.2 — 33.6w/flm2
~tm .
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PATH RADIANCE AND APPARENT R ADiANCE , DOWNWARD PAIl-I EXAMPLE

The path radiance tables can be used with Eq. (7.4), Duntley, ci a!. (1976) to obtai n the apparent
radiance at altitude of an object or background at ground level ,

N,(z. 9 ,~~) — N0(0.O.~ ) Tr (Z O) + N (z, 04) . (7.3)

H. For a downward path of sight at 180 degrees zenith angle , with the sensor at 1200 meters ,
Eq. (7.3) would be written

N1~~(I200.l80 °.0~ — N0 (0, l80~ 0~ T1~~(l200,l80~ ÷ N~~3( 1 200, I80 °,0~

Using the previous example of a hard-p acked yellow dirt road as an example with Alter 4
data from fl ight C-289, Eq. (7.3) becomes

N1~~(l200 . J~~ o 0~o t ~ — 91.3 (0.918) + 8.21 — 92.0 w/Qm2
~tm

PATH REFL ECTANCE , CONTRAST TRANSMJTFANCE AND APPARENT CONTRAST
AGAINST NON-SKY BACKGROUND , UPWA RD PATH EX AMPLE

-
~ The path reflectance tables in Duntle y, ci aL (1976) can be used with Eq. (A.3) to obtain the

contrast transmittance at ground level of an object against a background other than the sky. For
instance the painted markings on an aircraft would be viewed against the aircraft as background (not
the sky ). 

-

~~

~ 
I. For an upward path of sight at 0 degrees zenith angle , with the object at 1200 meters, Eq.

(A 3) would be written
-

- -~~-~~~~

-

~ 
-i

— I + fR~~0o (0, 0°, 0~~/~ R0 (1200 , 0°, 01

The reflectance of the unpainted aluminum surface has already been assumed to be 0.4 for
Filter 4. The appropriate value of path reflectance is found at the object altit ude 1200
meters in the Filter 4 tables for Flight C-289, and Eq. (A .3) becomes

-i

~~~~~~~~~~ — I + 10.781/0.41 — 0.339 .

~
-. ~ - I  

- - - 
_____________________
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J. The final step would be to compute the apparent contrast. To obtain apparent contrast Eq.
(A.1) can be transposed as follows

C,(z04) — Co (z, 8.4’) bT,(zO~ ) .  (7.4)

• For an upward path of sight at 0 degrees zenith angle, with the object at 1200 meters, Eq.
(7.4) would be written

— C0(I200,0~ 0~ bT i~OO(O,0 ,0~

If one assumes the diffuse reflectance of the black paint to be 0.04, its inherent contrast
against the aircraft background is -0.90. Thus the apparent contrast at ground level of the
black paint as seen against the aircraft background at 1200 meters is

C1~~(0.0°~0~ — —0.90(0.339) — —0.305 .

- 
- PATH REFLECTANCE, CONTRAST TRANSMI1TANCE AND APPARENT CONTRAST

AGAINST SKY BACKGROU ND, UPWARD PATH EXAMPLE

The path reflectance tables can be used with Eq. (A .3) to obtain the contrast transmittance at
ground level of an object against a background of typical skies.

K. For illustrative purposes let us compute the contrast transmittance of any object viewed
against the average zenith sky at 1200 meters from the sky reflectance table for C-289 in
Section 7.3 of Duntley, cia!. (1976) . Eq. (A.3) becomes

-i

• bT i~OO(O.O ,°~ — 

~
1 + 10.781/5.271 — .871

L. Now using the aircraf t as the object, the inherent contrast for Alter 4 was computed earlier
for Flight C-289 as -0.924, then

C1~~(0,0°~0~ — —0.924(0.871) — —0.805 -

•

This is the apparent contrast of the aircraf t at 1200 meters as viewed at ground level against
the average zenith sky radiance.
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Since the sky radiance during the seven HAVENVIEW H flights was quite variable, it is also
reasonable to assume a range of effective sky reflectances for each given path of sight which would be
consistent wit h the overal l irradiance level and the path reflectance derived for each flight. Contrast
transmittance with these various effective sky reflectances as background would be computed in a
manner similar to the above example. This assumes that the sky radiance area is small enoug h in
extent so as not to appreciabl y effect the path reflectance and takes cognizance of the sky radiance vari-
ability illustrated in Fig. 8-6 of Duntley, ci a!. (1976). The difficulty lies in determining reasonable
effective sky reflectance values to utilize in each instance. The concept of effective sky reflectance is a
new one, and as yet there is not a large body of data nor much experience in using the data now avail-
able. This is an area of inquiry wh ich should be pursued further so that reasonabl e values of effective
sky reflectance could be made available for clear and cloudy days for a range of values of sun zenith
angle, space-to-altitude transmittance, and scalar albedo.

PATH REFLECTANCE , CONTRAST TRANSM ITFANC E AND APPARENT CONTRAST ,
DOWNWARD PATH EXAMPLE

The path reflectance tables can also be used with Eq. (A.3) to obtain contrast transmittance at alti-
tude of an object at ground level as seen against various backgrounds small enough in extent so as not
to have an appreciable effect on the path reflectance .

M. For a downward path of sight at 180 degrees zenith angle , with the sensor at 1200 meters ,
Eq. (A .3) would be w ritten thus

bTi200(I200, l80 °. 05 — 1’ + (R~~ (12oo, l8O °. O~)/h Rfl(O , 180~.0~)1 } - 

- 

-

Using our previous example of the lush meadow as a background and a path reflectance
value from Flight C-289 for Filter 4 Eq. (A .3) becomes

bti200(l200, I80 °.0~ — ( I  + (0.0239/0.0711 j — 0.748 .

N. Again, a concluding step would be to compute the apparent contrast at 1200 meters of the
object, in this case the yellow di rt road. Rewriting Eq. (7.4) for the downward path case, it
becomes

C1~~(I200,18O °.0~ — C0(0, l80 °,0~ ~r)~~(12O0,l8O °,O~ .

742
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The inherent contrast of the m.d against the rr.esdow background was computed earlier as
2.42. Thus the apparent contrast of the road at 1200-meter altitude is

c1~~(12O0. 180~ O~ — 2.42(O.748 — 1.83

which is a relatively high apparent contrast.

7.5. GRAPHICAL AIDS TO ANALYSIS

The OPAQUE airborne data base resulting from the flights described in Section 6 contains a
variety of measured optical and meteorological properties , which lend themselves to st udies aimed at
identifying anticipated optical/meteorological linking relationships. In an initial effort to expedite these
studies, several display formats have been developed for automatic computer generation . These
displays are generated by program DJOGPLOT, and are produced automatically for each flight that is
processed , unless specifically deleted. This automatic feature was initially proposed in the OPAQUE II
report, AFGL -TR-77-0239, Duntley, ci aL (1978a), and partially demonstrated in the OPAQUE III
report , AFGL-TR-78-0168, Duntley, ci a!. (l978b). In these two earlier reports the examples
presented ~ c re plots illustrating photopic scattering coefficient and relative humidity versus altitude as
in Fig. 7-1 Sc. The full selection of automatic displays is represented in Fig. 7-15 and 7-16 which repro-
duce the displays generated for Flight C-41 8 made in the vicinit y of Ahlhorn, Germany during the
OPAQUE Ill deployment.

The information contained in plots 7-1 5a&b are the basic measured data for the flight, and the
presentations in 7-15c&d plus those in 7-16a,b,c&d , represent derived relationship s of general interest.
Several general comments related to these illustrative samples are contained in the followi ng brief para-
graphs.

Plots 7-I 5a&b are typical of those foun d in each of the previousl y referenced data reports and are
fully described therein. Plot 7-1 5c which represents the common plot of one profile from each of the
7-I Sa&b plots has also been presented in the prior publications. The remaining five , however ,
represent alternative but related data illustrated here for the first time.

Fig. 7-1 5d plots the ratio of the total to Rayleigh volume scatterin g coefficient as a function of
altitude . The Rayleigh volume scattering coe fficient R S(Z) is

R S(Z) — R S(O) P(z)/[ T(z)3.516x 103 1 (7.5)

where P(z) is pressure in dynes cm 2, T(z) is temperature in degrees kelvin. The number 3.516x 103
is the density at standard sea level pressur e and 15°C Celsius temperature times the universal gas con-
stan t . It has units of dynes cm 2°1C1. The RS(O) is computed for each optical passband based upon
monochromatic values for 15° Celsius and sea level pressure .

I
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The ratio s (z) / R $ (z) is of interest because it would be constant if the total volume scatterin g
coefficient were to decrease at the same rate as the density. This ratio multiplied by the ground level
Rayleigh scatteri ng coefficient ,~s (0) is sometimes referred to as the equivalent ground level scattering
coefficient.

Fig. 7-16a represents the absolute humidit y AK (or densit y of wat er vapor , pw ) vs. altitude . It is
computed from the equation . 

- 

-

P5(ld) M~-All — — 83.1432(1 + 273.I5~ 
(7.6)

where P, is the saturated vapor press ure at dewpoint or frost point temperature , M,. is the mass per
mole of water which equals 18.01534 g/mol , and land d are temperature and dewpoint temperature.

Fig. 7-l6b represents the Mie volume scattering coefficient as a function of altitude. It is corn-
puted from the equation

= s(z) — R S ( 2 )  . (7.7)

Fig. 7-l6c represents a cross plot of the relative humidity and the S(2 )/R S(Z) ratio at the same
altitude, and Fig. 7-16d represents a cross plot of the absolute humidity and the Mie volume scattering
coefficient at the same altitude. Fig. 7-16c&d are intended to help determine the quantitative relation-
ship between the parameters and to illustrate the degree of correlation.

Whereas each of the graphic presentations shown in Figs. 7-15 and 7- 16 have data representing
- 

- each of four different spectral bands, specific applications related to photopic studies are simplified by
automatically deleting all but the Filter 4 (i.e. photopic) data. Neither this option nor curve fitting pro-
cedures suitable for the data in Figs. 7-16c&d are illustrated in this sample though both are helpful to
the analyst.
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APPENDIX A
GLOSSARY AND NOTATION

The notation used in reports and journal articles produced by the Visibility Laborato ry stall fol-
lows, in general , the rules set forth in pages 499 and 500, Duntley et a!. (1957). These rules are:

Each optical pro perty is indicated by a basic (parent) symbol.

A presubscript may be used with the parent symbol as an identifier , e.g., b indicates back-
ground while I denotes an object.

A postsubscript may be used to indicate the length of a path of sight , e.g., r denotes an
• appa rent property as measured at the end of a path of sight of length r, while o denotes an

inherent prop erty based on the hypothetical concept of a photometer located at zero dis-
tance from an object.

A postsuperscnpt’ or postsubscript ., is employed as a mnemonic symbol signifying that the
• 

- radiometric quantity has been generated by the scattering of ambient light reaching the
path from all directions.

The parenthetical attachments to the parent symbol denote altitude and direction. The
letter z indicates altitude in general; z, is used to specify the altitude of an object. The
direction of a path of sight is specified by the zenith angle 9 and the azimuth ~~. In the
case of irradiances, the downwelling irradiance is designated by d, the upwelling by IL

A (s) Albedo at altitude z, defined by the equation A (z) H(z,u)/H(zd) .

5A (z) Scalar albedo at altitude z, defined by the equation 3A(z) h(z,u) / h (z, d) .

AOL Above ground level.

A-i
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Co(z,. 9, ~) Inherent universal contrast determined for a path of sight of zero length at altitude

• of the object z, in the direction of zenith angle 0 and azimuth 
~~~
. This property is

defined by the equation

— 
,No(z,, 0,4) — bNO(Z,,0,’b)Co(z,,9 ,øb) =

bNO(Z,, 0,#)

C,(z,04) Apparent universal contrast as determined at altitude z from the end of path of
sight of length r in the direction of the zenith angle 0 and azimuth 4~. This prop er-
ty is defined by the equation

— 
,N,(z ,0 .)~~ — bNO(Z,,0,’b)C,(z,0,~ ) = 

bNO (Z,,0,~~
) 

—

g Acceleration of gravity.

H(s) Scale height at altitude z, the height of a homogeneous atmosphere having the den-
sity of the layer at altitude i

H(z,d) Irradiance produced by downwelling flux as determined on a horizontal flat plat e at
altitude z In this report d is used in place of the minus sign in the notation
H(z, —) which appears in Duntley (1969). This prop erty may be defined by the
equation

H(z.d)  f N ( z,0’,~ ’) co s0’ dfl

H(z,u) Irradiance produced by the upwelling flux as determined on a horizontal flat plane
at altitude z. Here u is substituted for the plus sign formerly used in the notation
H(z, 4-).

h (s)  Scalar irradiance. This may be defined as the radiant flux arrivin g at a point , from
all directions about that point, at altitude 2 (Tyler and Preisendorfer . 1962):

r~ ~~~
h(z) h(z,d) + h(z,u)

h (z ,d) Scalar irradiance produced by downwelfing flux. This may be defined as the radiant
flux from the upper hemisphere arriving at a point at altitude z.

~~~~ ~~~~~~~~ 
Scalar irradiance defined as the radiant flux from the upper hemisphere sky (flu x
from the sun is not included ) arri ving at a point at altitude z.

; ~~~~

1 h(z) Scalar irradiance defined as the radiant flux from the sun arri ving at a point at alti-
tude z

h (z.u) Scalar irra diance produced by upwelling flux. This may be defined as the radiant
flux from the lower hemisphere arriving at a point at altitude z.

j
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APPENDIX B
DISCUSSION OF TERMINOLOG Y

CONTR AST TR ANSMIU ANCE IN THE TROPOSPHERE

Contrast transmittance ,,r ,(z, O .4.) is defined as the ratio of the app arent contrast C,(z,6 ,4.) to the
• inherent contrast C0(z,. 9,4.);

— C,(z. 9 ,4.) / C0 (z ,,0 .4.) . ( A l )

The parenthetical modifiers indicate the altitude : of the sensor and the zenith angle 0 and azimuth 4’
of the path of sight. In this report , 4. Will always be in terms of azimuth from light source (sun or
moon). The path length r in the direction of the path of sight is between the altitude of the object z,
and the sensor altitude :. For the inherent contrast the path length is zero. The presubscript 1. on the
contrast transmittance br ,(z .6 , 4.) indicates background. The contrast transmittance is a function of the
inherent background radiance ,,N0 (z,, 0,4.), the atmospheric beam transmittance T,(z, 8) and the path
radiance N,(z ,0 ,4.) of the path of sight as shown in Eq. (A.2) [Duntley (1964) Eq. (2.4)) :

b r ,(z .9 .4~) — (I + N, (zi,4’)/bNO(z,, 0.4’) T,( z,9))~ . (A.2 )

As noted in the glossary , beam transmittance is considered as being indep endent of azimuth , and thus
its notation is typicall y simplified from the general form by omitting the azimuth designator 4..

DIREC -r1(fNAL PATH REFLECTANCE

• The concept of directional path reflectance [Duntley (1969) p. 3) is utilized in an alternate form
of Eq. (A.2) ,

• g::. ~r ,(z9 ,4’) — fl + R,~
’(z9,4’)/bR.(Z,,9.4’)J ’ , (A.3)

— _~~~~~~~~
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where bRo(z,.O .d’) is the directional background reflectance. By definition , the directional path
reflectance for downward-lookin g paths of sight is

R,’(z. G ,d. ’) — irN , (z, 9 , 4 ’) / (H (z,,d) T,(z ,0) )  , (A.4)

where H(z,.d) is the downwelling irradiance. For upward-looking paths of sight the upwel ling irradi-
ance H(z,,u)  is used instead of the downwelling irradiance in Eq. (A.4).

We chose to present the atmospheric data for upward- and downward-inclined paths of sight in the
form of directional path reflectance since, in this form , it can be easily utilized with the directional
reflectance of a variety of backgrounds smaller in extent but different from the heterogeneous back-
ground which contributed to the path radiance and upwelling and downwelling irradiance. The direc-
tional path reflectance is also the most convenient form of presenting the atmospheric data for easy use
to obtain contrast transm ittance.

BACKGROUND REFLECTANCE

The inherent background reflectance for downward -looking paths of sight is defined as

bRo (Zr,94) — lr bNO (z ,.94) / H (:, d)  . (A. 5)

where H(z1,d) is the downwelling i rradiance at the object altitude IGordon (1964) p. 558 or Boileau
and Gordon (1966) p. 805). Note that the downwelling irradiance is used in the definition of
reflectance for downward paths of sight regardless of the background surface orientation . The inhe rent
background reflectance may be obtained from either (I) a measurement by a ground-based telephotom-
etert or (2) measurements by an airborne telephotometer. In Duntley, et a!. (1976), airborne telepho-
tometer data from the lowest altitude of fligh t not extrapolated to ground level were used to obtain the
terrain reflectances reported for each flight.

The effective inherent background reflectance for an upward-looking path of sight is similarly

bR0 (z, 9 4’) — lr bNO (z , 0 4’)/H(z, u) (A 6)

INHERENT CONTRAST

The inherent contrast of an object C0(z~.0,4i) against a background is defined as the ratio of the
inherent object to background radiance minus I:

I

C0(z~.9,4) ,N0(z,,9,4’)/hN0(z,.0.4’) — 1 . (A.7)

t Ahhou1h the mwuremenis ar e radiometric as opposed to photometric, the instrumeni used to perform these measure-
r ~~~ menis is referred to herein as a ‘ielephotometer in lieu of the more precise term ‘teleradiomeler ’ This is in keeping with

the practice established in previous publications.

~
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Inherent contrast can also be computed from the directional reflectance of the object and background,

C0(z,.9.4’) — ,RJ (z~,9.4,)/ bRO (z,,9,4,) — l . (A.8)

• DOWNWELLING AND UPWELLING IRRADIANCE

The downwelling irradiance used to compute the directional path reflectance R,~(z.9,4’) and the
apparent terrain reflectance is computed from data at the lowest altitude of flight by the equation

H(z.d) — ,h (z) cos0, + ,f
N (z .0’.4 ”) cose’df l . (A.9)

where ,h (z) is the sun scalar irradiance at altitude :, 9~ is the sun zenith angle , and N (z ,0’,4~’) is the
sky radiance at direction 0’, 4”. When the sky is fully overcast , the first term is essentiall y zero .

The upwe lling irradiance H(z.u) is computed by deleting the first term in Eq. (A.9) and replacing
the sky radiances with apparent terrain radiances from the lower hemisphere scanner. The 9’ would
then be the nadir angle so that cos0’ is positive. The albedo A (:) is the ratio of the upwelling to
downwe lling i rradiance H(z.u)/H(z.d) .

A second type of irradiance is the scalar or nondirectional i rradiance:

— ,/ s (z)  + ,
f N ( : .9’.# ’) df l . (A. l0)

The scalar irradiance is not weighted by the cosine. The upwelling irradiance from zenith angles
between 90 and 180 degrees is designated by h (z ,u)  and computed by using Eq. (A. 10) without the
first term . The total scalar irradiance is the sum of the upwelling and downwelling scalar irradiances,
h(z)—h(z,u)+h(:,d). The scalar albedo is defined as the ratio of upwelling to downwe lling scalar
irradiance, h (:,u )/h (:4). For a full discussion of scalar irradiances and scalar albedo uses refer to

;~ ~ - Gordon (1969).

TOTAL VOLUME SCATTERING COEFFICIENT

A direct measure of air clarity is the atmosphe ric attenuation coefficient a(z) The parenthetical
modifier indicates the altitude z. The attenuation coefficient is the sum of the total volume scattering

a coefficient and the absorption coefficient. If there is no absorption, the attenuation coefficient is
numerically equal to the total volume scattering coefficient s(z) .

• The total volume scattering coefficient may be defined by the equation

‘ I 
s(z ) £0~

2
~~

)4 f i .
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where o~(z~ft) is the volume scatterin g function at altitude z and scattering angle $. The integrating
nephe lometer used to make the total volume scattering coefficient measurements performs the integral
in Eq. (A. 11) optically. It utilized a parallel light beam and a cosine-law collector viewing the scattered
flux. The instrument is similar in principle to one of four instruments for measurin g total volume
scattering coefficient described by Beuttell and Brewer (1949).

BEAM TRANSM ITF ANCE FROM TOTAL SCAUER ING COEFFIC IENTS

The beam transmittance T,(z.e) is obtained directly from the total scattering coefficient s(z) by
means of Eq. (A. 12). (Re fer also to Boileau (1964) p. 570.) When there is no significant atmospheric
absorption in the passbands of the measurements, e.g., from smoke , dust , or smog, the attenuation
coefficient a (z) is equivalent to the total volume scattering coefficient s (z). Therefore,

T,(z,0) — exp 
[
_ta(zt ) 

~~ 
— exp 

(
—t s(zt ) ~ r , (A.12)

i—i i—i

where ~ r is the incremental path length. The summations are made using the trapezoidal rule. The
measured total volume scatte ring coefficient data are extra polated to ground level when no ground-
based measureme nts are available. The extra polation assumes that the scatterin g particles are the same
at all altitudes , but decrease or increase according to the density at each altitude p (z) :

s( 0) — 
s (z) p (0)  (A. 13)p (z)

— 
Similarl y, upward extra polations are made to the highest reported altitude above ground level when the
highest flight altitude is less. Extra polation in this case is based on the scatteri ng coefficient measured

-

~~~ 

at highest fligh t altitude. The densities used for the extrapolations are from the U.S. Standard Atmo-
sphere (1962). The density at each altitude is obtained by truncated Chebyshev expansion using the
coefficients for the atmosphere between 0 and 80 kilometers [U.S. Standard Atmosphere Supplements
(1966), p. 69).

All altitudes reported are between ground level and 6 kilometers maximum. For all paths of sight
at zenith angles less than 85 degrees or greater than 95 degrees , ~ r equals ~tz secO for these altitudes.
The ~ r is always nonne gative since s~z is defined as zi —z2 (the subscripts increase with the flux direc-
lion). See Fig. B-I. The I~zI used is 30 meters (98.4 feet). For zenith angles greater than 95 degrees,
the beam transmittance can also be expressed as a function of the vertical beam transmittance a

T,(z. I80~ as follows:

T,(z,9) — T,(z, 180 ‘~‘~ . (A.14)

For upward paths of sight for zenith angles less than 85 degrees , the beam transmittance can similarly
be expressed as a function of the vertical upward transmittance T, (z,O~ .

8-4
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• Fig. B-i. Path Lengt h Geometry for Steeply incl ined Paths of Sight.

ATFENU ATION LENGTH

The attenuation length L (z) is defined as the reciprocal of the atmospheric attenuation coefficient
a(:). Therefore , when there is no significant absorption , it is also equivalent to the reciprocal of the
atmospheric total volume scattering coefficient:

(A. 15)a(z) s(z)

The equivalent attenuation lengt h 1(z) is a pseudo-attenuation length which , when combined with its
altit ude 2. can be used directly in the equation (Boileau (1964) , Eq. (6. 1) 1

T,(:.9) — expi —:/ 1 (:) II sec A I (A.16)

where 0 > 95° and path length r is between ground level and altitude :. Combining Eq. (A. 16) and
Eq. (A. 12) and app ropriately rearranging, the following expression may be obtained for effective
attenuation length.

-
. 

~~ E(: ) — 4- s(z,) i~z . (A. l 7)

For 9 < 85° , the E(z) values should be interpreted as applying to the object altitude with the
sensor at ground level.

—~~~ ~~~~~

S
EARTH CURVATURE AND REFRACTION

For the paths of sight at zenith angles from 90 to 95 degrees, the Ar for ãzl — 30 meters (98.4
feet) is significantly longer at ground level than at 6 kilometers due to the curvature of the earth. Also

• for upward-looking paths of sight from 85 to 90 degrees , the Ar for a: — 30 meters (98.4 feet ) is
significan tly shorter at 6 kilometers than at ground level due to the curvature of the earth. Thus, for

8-5
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paths of sight between 85 and 95 degrees in zenith angle, Eq. (A.14) and (A. 16) should not be used.
Instead, Eq. (A. 12) should be used with the appropriate ar values.

V The incremental path length Ar, is computed from

— ~ ~~~ 
(
~ + z) sin0 

2 — ½ 
a: . (A. 18)

a(z,) (C ÷ z 1)

This is the classical equati on for computing incremental path length at paths of sight affected by earth
curvature and refraction . The n (z) is the refractive inde x, z is the sensor or observer altitude , ~ is the
radius of the earth. The derivation of Eq. (A.l8 ) is given in detail in Duntley, et a!. (1976).

The square of the refractive inde x ratio based on an alternate form by Kasten (1965) rewritten in
terms of the ref r active index at ground level z — 0 is as follows:

2n(:) 
— + 21n(O)—1) — 

~~
-

~
-
~~~~

- . (A.19)
n(z,) p(O) p(O)

The densit y values for computing the refraction effect were , as before , based on the U.S. Standard
Atmosphere (1962). The refractive inde x used for ground level was 1 .000276, appropriate to a
wavelength of 700 nanometers at 15 degrees centigrade. The maximum error in using the ar based on
700 nanometers for wavelengths of 478 w 770 nanometers is 0.2 percent.

PATH RADIANCE

Path radiance N,~(z.9,~ ) for the path of sight 0 is the integration or summation of the path func-
tion N.(z, 0. #) weighted by the beam transmittance 7’,, (z . 0). Path length r, is from the incremental

V path arto the sensor at z

N,(z,9.4) — ~~ N. (z, , &4) T,1(z,9) A r .  (A.20) .
i—i

~~ :~ Refer to Duntle y. et al. (1957). Eq. (17) on p. 502.

• 1
PATH FUNCTION

‘~
— H

j Image-forming light is lost by scattering and absorption in each elementary segment of the path of
I ~~~~~~~ ~ sight, and contrast-reducing path radiance is generated by the scatter ing of the ambient light which

reaches the ~egment from all directions. The quantitative description of this scattered component of
~~ path-segment radiance involves a quantity called the “path function,” N. (zO ,#) . The “path function ”

depends upon the directional distribution of the lighting on the segment due to its surroundings. It can
be operationally defined in terms of the (limiting) ratio of the path radiance associated with a short path
to the path length by the relation (Duntley, e a!. (1957) p. 5011

N.(z,04) — lim(Ar— O) N~,(z, o,~ ) / a r . (A.2 1)
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In experimental practice, the path length a~ should be sufficientl y short so that no change in the ratio
can be detected if a~ is made shorter.

In lieu of a direct measurement of path function , it may be derived from related quantities. Path
function, attenuation length, and equilibrium radiance are related by [Duntley, et a!. (3957) , Eq. (11) 1

Nq (z.9.~ ) — N-(z,04) L( z) . (A.22)

By substituting Eq. (A. 15) into Eq. (A.22) and rearranging, path function is expressed as a function of
the total volume scatterin g coefficient and the equilibrium radiance :

N.(z,.0,~ ) — N~(z 1, 9 .~~) s(z,) . (A.23)

EQUILIBRIUM RADI ANCE

For each segment of every path of sight in any lighted atmosphere there is an equilibrium radi-
ance that will be transmitted unchan ged because the loss (attenuation of image-forming light) is exactly
counter balanced by the gain due to the scattering of sunlight and sky light toward the sensor. The
equilibrium radiance is a point function of position and direction which may vary from point to point
throug hout the path of sight.

The equilibrium radiance IDuntley . et a!. (1957), p. 502. and Gordon (1969), p. 15) is first
computed from the measurements made at each of the altitudes of level flight and then interpolated
and extrapolated to obtain values at each 30-meter (98.4 foot ) interval z,. Equilibrium radiance is inter-
polated rather than path function since the equilibrium radiance for the fully sunlit case is relatively
invariant with altitude , whereas path function is sensitive to changes in aerosol scattering as well as the
lighting distribution. To compute the equil ibrium radiance the following equation is used (refer to
Gordon (1969), Eq. (16°) on p. 16):

N~(z 0 4i) — 3 h(z) + N (z,0’ th ’) dfl (A 24)

where ,h(z) is the scalar irradiance of the sun (or full moon), $ is the angle between the sun and the
path of sight , and N(z, 0’, ~‘) is the apparent radiance of the sky or ground for direction 0’ and 

~~
‘.

~~~ 
When the sky is fully overcast, the fIrst term in Eq. (A.24) is essentially zero . The ratio a(z$’)/s(z)

• 
V is the proportio nal directional volume scatter ing function at angle $‘ and altitude z The fi’ is the angle

between the path of sight at 0, 
~~ , 

and the radiance 0’, 
~~

‘. Li is found by
—

co~~’— sin0 sin sin0’ sinth’+ sin0 co$ sin0’co$’ + cos8 cos0’ . (A.25)

-
• 
• 

‘ Equatioti lb applies equally well to real and model atmospheres.
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It is the scalar irradiance which designates the flux that enters into the computations of equili-
brium radiance and path function when the directional radiances are not known or used. It is the direc-
tionality of that flux combined with the directionality of the proportional directional volume scattering
function which produces the unique equilibrium radiance associated with each path of sight.

PROPORTIONAL VOLUME SCATtERING FUNCTION

The proportional volume scattering function a (z.$) for scattering angles 0° to 180° is derived
from a catalog of values of photopic proportional volume scattering functions published by Barteneva
(1960) and the measured values of volume scattering function a (z. 30 C) and a (z, 1505. The procedure
for obtaining the proportional volume scattering function to be used in Eq. (A.24) is described in detail
in Duntley, ci a!. (1976) Eqs. (2.27) through (2.31).

SUN LRR ADIANCE

Although the scanner radiance measurements include a measure of the apparent sun radiance, the
sun is not always fully in the field of view. Therefore, the sun irradiance used in the computations of
the irradiance and the equilibrium radiance is based upon the sun irradiance out of the atmosphere
3 h (oo) for the appropriate broadband filter and the beam transmittance from out of the atmosphere to
altitude z,

— ,h(oo ) T. (z .0,) . (A.26)

The sun irradiance values for mean solar distance h (~~) are computed from spectral sun inadi-
ance from Johnson (1954). The sun i rradiance at t rue solar distance ,h(oo ) is equal to the irradiance at
mean distance times the square of the ratio of the angular solar radius ‘P at true solar distance to the
radius ‘P at mean distance:

- ‘ 
3
h(oo) — , h(~~) 

( ~ (A 27)

The angular solar radius at mean solar distance is 16.016 minutes of arc . The rad ii at t rue distance are
4,’ obtained from the ephemens for the appropr iate date

~~~~ ~~V BEAM TR ANSMITtANCE FROM SKY R ADIANCE R ATIOS a

When the sky at the highest flight altitude is clear, the transmittance from out of the atmosphere
to the highest fligh t altitude due to scatterin g is computed from the ratio of sky radiances at equivalent
scattering angles from the sun. This method stems from the suggested nomographic method of Kush-
p11’ and Petrova (1971) for obtaining beam transmittance from sky radiance ratios at equivalent
scattering angles from the sun. Kushpil’ and Petro’;~ do not give equations for the sky radiance ratio as
a function of beam transmittance, but such an equation is derived in the following paragraph.
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A sky radiance is a path radiance from out of the atmosphere to the altitude of measurement
V N~ (z, 0, ~ ). On clear days with no absorption , we have found the sky radiance to be a function of an

effective equilibrium radiance Nq and the beam transmittance (Gordon , ci a!. (1963), Gordon (1969),
and Gordon , ci a!. (1973)) :

N.. (z0 ,~~) — i~q (z. 9.ib) 11 — T,,~(z,0)) . (A.28)

Thus, the ratio of two sky radiances , at angles 0 and 0’, would be

N , ( z ,0, 4)  
— ~~(z ,0 ,4~) ( 1 —  T~(z.0)) 

(A 29)
N , (z ,0 ’4 ’) F1q(z,0’.th’) (I —

When the scattering angle from the sun is equivalent for the two paths of sight , the equilibrium radi-
ances are equivalent. Thus , Eq. (A.29) simplifies to

N~,(:,0,#) E l — Too(2.9)J 30)
N~ (z,0’.~ ’) 

— 
( 1 —  T,,(r. 0’)J (A.

Equation A.30 can be expressed as a function of the vertical t ransmittance T,,(z, 0°) and the relative
optical airmass m,,,.(z,9)/ m,,,,(z, 0C) :

N ,(z,9.4) 
— 

— T,,(Z ,0i m~~9 m ~~O1~ 
. (A.3I)

N. (z,8’,4i’) I I — T (
I 00~~

Equation A.3 1 cannot be directl y solved for the vertical transmittance , but by using iterative means,
which is a simple task with a computer , a vertical transmittance is obtained which provides a solution to
Eq. (A.3 1) within a tolerance of 0.1 percent.

An error analysis of the transmittance obtained by Eq. (A.31) indicates that the precision error
- 

V difference of the two radia nces is general ly multi plied by a factor of between 1 and 2 for many zenith
angle combinations Thus, a series of measurements is used , and the transm ittances are averaged to

V enhance the reliabilit y of the resultant transmittance due to scattering. A validation of the sky radiance
ratio method of obtainin g beam transmittance was presented in Duntley , ci a!. (1972c), Section 2.1.

Atmospheric absorption acts to reduce the incoming sun irradiance but has no effect on the sky
radiance relative distnbut ion Thus , the transmittance based on ~ky radiance ratios is due to scattering

V 

V~ 
only, and the transmittance losses due to absorption must be added as a separate factor. Tousey and

S Hulburt (1947) calculated a photo pic transmittance of 0.977 due to absorption by ozone at the top of
the atmosphere. the photopic transmittance from out of the atmosphere to the highest flight altitude is
the product of the transmittance due to scattering and the transmittance due to absor ption.

• When the sky at the highest altitude is not completely free of clouds, the beam transmittance
from space to altitude may be specified on the basis of ground-based contrast reduction meter measure-
ments or other measurements such as downwefling irradiance measured simultaneously with sky
radiance, which yield an estimate of space-to-altitude transmittance.
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The transmittance for the lower flight altitudes is the product of the transmittance from out s.
atmosphere to the highest altitude Tc, (:,,,,0)  and the transmittance between the two fligh t altitua~

T..(z,0i — To, (zm, 0)  T,(z, 0 ’) . (A.32)

The conversion from vertical transmittance to transmittance at the zenith angle of the sun is made
using the relative ai rmass m..(z,05)/m.,(z, 0°):

T..(z,95) — ~~ (~ 0.) m..(:.as ) /m ..(~O~ . (A.33)

The relative airmass equals secO for O~ — 70° to an accuracy of 1 percent. Also, the relative airmass at
altitudes up to 6 kilometers equals the relative airmass at sea level , m..(6,0,)f m,~.(6 0°) —

m ,(0,03)/ m,1(0, 0°), to an accuracy of 1 percent for 9~ — 86°. Sea level relative airmass values from
Kasten (1965) are used for 0, 70— 86° .

The sun zenith angle 0, changes during the flight interval . In order to reduce this source of varia-
bility in the resultant data , an aver age sun zenith angle for each filter or the total fligh t is used in Eq.
(A.33) as well as in computing the irradiance in Eq. (A.9) and the scatteri ng angle ~9 in Eq. (A.24).

SKY AND TERR AIN RADIANCE

The arrays of sky and terrain radiance measurements have missing values due to the sampling
• schedule and include values which are questiona ble due to: possible inclusion of the sun t:~ the field of

view portions of the airplane such as tail or prop ellers extending into path of sight ; values above or
below the calibrated range of (he sensor ; and irr egularities in the angular patt ern. In order to obtain a
basic data array of optimum quality, these well-defined but improp er values must be removed and the

• blank values replaced . To do this , the upp er and lower hemisphere data array s are handled separately,
and in the following manner.

V Since the terrai n radiances have a relativel y narrow range , questionable values are simply replaced
by inter polations between adjacent valid data points. The same procedure is used for sky radiances
under overcast or partial cloud.

For clear skies, in order to evaluate and replace the questionable sky radiance measurements, the
effective equilibrium radiance as a function of angle from sun $ is established on the basis of the sky
radiance measurements N.~ (z, 0, **) of known validity. The effective equili brium radiance ~~ is corn-
puted by rearranging Eq. (A.28) as follows:

~,(z,0) — N. (z ,9.~~) / (I — T.,(x,9)I . (A.34)

An average effective equilibrium radiance for each S degrees of ~ is then calculated and the proper- a

tional standard deviation from that average function established. The value of the avaiage elective
equilibrium radiance at $ —0 ° is determined using Barteneva’s method of assuming log ~,($) linear
with coin for small values of 

~~
. The questionable sky radiance measurements are then replaced using

the average equilibrium radiance function and Eq. (A.28) .
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